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CHAPTER 1. CONCLUSIONS AND RECOMMENDATIONS 
1) An a n a l y s i s  of t h e  s l a c k  wate r  d a t a  from 1974 
i n d i c a t e s  t h a t  when s t r o n g  s t r a t i d i c a t i o n  e x i s t s  i n  Hampton 
Roads, t h e r e  w i l l  be s t r o n g  v e r t i c a l  s t r a t i f i c a t i o n  i n  t h e  
E l i z a b e t h  River system as wel l .  For t h e s e  cond i t i ons ,  a  
non- t ida l  c i r c u l a t i o n  w i l l  be s e t  up which w i l l  enhance t h e  
exchange of wate r  between t h e  E l i z a b e t h  River  and Hampton 
Roads. Therefore ,  wate r  q u a l i t y  cond i t i ons  w i t h i n  t h e  
~ l i z a b e t h  k i l l  be improved by t h i s  a d d i t i o n a l  f l u sh ing .  
2 )  Although t i d a l  c u r r e n t s  i n  t h e  E l i z a b e t h  River 
system a r e  weak and t h e  maximum speeds a r e  on t h e  o rde r  of 
0 . 5  knots  ( 0 . 2 5  m/sec) ,  mixing due t o  t i d e s  and o t h e r  f a c t o r s  
i s  n o t  weak. I n  f a c t ,  t h e  mixing mechanisms a r e  s u f f i -  
c i e n t l y  s t rong  t o  oqercome v e r t i c a l  and h o r i z o n t a l  d e n s i t y  
d i f f e r e n c e s ,  r e s u l t i n g  i n  a well-mixed and n e a r l y  homo- 
geneous body of wate r  which may reach  from Craney I s l a n d  t o  
t h e  Portsmouth Naval Shipyards ,  These c o n d i t i o n s  a r i s e  when 
t h e  f reshwater  f lows t o  t h e  James and t h e  E l i z a b e t h  Rivers  
a r e  low and s t r a t i f i c a t i o n  i n  Hampton Roads i s  moderate t o  
weak. This  can occur  anytime dur ing t h e  yea r .  
3)  When t h e  E l i z a b e t h  River is  well-mixed, t h e  
non- t ida l  c i r c u l a t i o n  i s  very weak o r  non-exis tent .  Con- 
sequent ly  r e s idence  t i m e s  a r e  q u i t e  l a r g e .  The t ime re-  
-- - - -- - - - - --- -- - - -- - - - -- 
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q u i r e d  f o r  t h e  system t o  reduce t h e  amount of an i n j e c t e d  
subs tance  t o  1 0 %  of t h e  i n i t i a l  amount f o r  t h e  September 
1973 hydrographic cond i t i ons  v a r i e s  from 13  days f o r  sub- 
s t a n c e s  in t roduced  near  Craney I s l a n d  t o  40 days f o r  sub- 
s t a n c e s  r e l e a s e d  i n  t h e  upper reaches  of t h e  Southern Branch. 
4 )  Water t empera tures ,  e s p e c i a l l y  i n  t h e  Southern 
Branch, a r e  e l e v a t e d  due t o  thermal  d i scharges  from power 
gene ra t ing  s t a t i o n s .  Values between 25O and 30° cen t ig rade  
have been measured i n  September 1973. I t  i s  be l i eved  
that these h igh  tempera tures ,  i n  combination wi th  t h e  
long r e s idence  t ime ,  cause  a s i g n i f i c a n t  p o r t i o n  of t h e  
oxygen demand of waste  wate rs  t o  be exe r t ed  w i t h i n  t h e  
E l i zabe th  River System. 
5 )  F i e l d  surveys  have found v i o l a t i o n s  of  t h e  
c u r r e n t  d i s so lved  oxygen s t anda rds  dur ing  s e v e r a l  months 
of t h e  y e a r ,  p r i m a r i l y  t h e  summer months, and over  
s e v e r a l  mi l e s  of  t h e  r i v e r .  
6 )  S ince  t h e  a s s i m i l a t i o n  capac i ty  of t h e  r i v e r  
i s  l i m i t e d  by p h y s i c a l  f a c t o r s  beyond man's c o n t r o l ,  t h e  
only  remaining method t o  main ta in  wate r  q u a l i t y  s t anda rds  
i s  t o  reduce t h e  load ings  of oxygen demanding subs tances  
t o t h e s y s t e m  and/or t o  move t h e  p ~ i n t ~ n j e c t i o n  c l o s e r  
t o  t h e  r i v e r  mouth. Unfor tuna te ly ,  some sources  a r e  
d i f f i c u l t  t o  c o n t r o l  (e .g .  non-point sources  and urban 
runof f )  and advanced t rea tment  i s  expensive.  The d i s -  
pers ion  and r e s idence  t imes a r e  such t h a t  a  change i n  
t h e  l o c a t i o n  of t h e  Lambert P o i n t  o u t f a l l  w i th in  t h e  
E l i zabe th  River system (e.g.  d i s cha rge  near  t h e  p r e s e n t  
Army Base o u t f a l l )  i s  expected t o  produce only a very 
modest improvement i n  wate r  q u a l i t y .  Therefore ,  it i s  
be l i eved  t h a t  DO v i o l a t i o n s  w i l l  con t inue  t o  occur u n t i l  
t h e  t o t a l  i n p u t  of oxygen demanding subs tances  i s  g r e a t l y  
reduced. 
7 )  A t  t h i s  t ime it i s  n o t  p o s s i b l e  t o  a s s e s s  
t h e  e f f e c t s  of moving t h e  Army B a s e  and Lambert P o i n t  out- 
f a l l s  i n t o  Hampton Roads wi th  any c e r t a i n t y ,  s i n c e  t h e  
c h a r a c t e r i s t i c s  of t h e  c i r c u l a t i o n  t h e r e  a r e  n o t  well-known, 
I t  i s  be l i eved  t h a t  t h e  wate r  which l eaves  t h e  E l i zabe th  
River dur ing ebb t i d e  tends  t o  r e t a i n  i t s  i d e n t i t y  and, 
t o  a g r e a t  e x t e n t ,  r e t u r n s  on t h e  subsequent f l ood  t i d e ,  
I f  t h i s  i s  t r u e ,  then  t h e  d i scha rge  p o i n t  would have t o  
be l o c a t e d  e i t h e r  w e l l  i n t o  t h e  n a t u r a l  channel  a t  a  depth  
of 20 f e e t  o r  more o r  a t  o r  beyond Sewe l l ' s  P o i n t  be fo re  t h e  
water  q u a l i t y  i n  t h e  E l i z a b e t h  River was improved s i g n i f i c a n t l y .  
CHAPTER 2. INTRODUCTION 
In the past decades the Hampton Roads metropolitan 
region has experienced rapid population growth and industrial 
development. The Norfolk-Portsmouth portion of that region, 
which includes slightly over two-thirds of the population 
of the total area, is centered on the Elizabeth River system. 
This river receives the waste products which normally are 
generated by industrial and population centers: domestic 
waste waters, thermal discharges, and wastes generated by 
industry, shipbuilding and shipping. As a result, the 
Elizabeth is "an example of an excessively utilized waterway 
in regard to waste assimilation" (Pheiffer, et al., 1972). 
Two large municipal sewage treatment plants (STPss), the 
so-called Army Base and Lambert Point plants of the Hampton 
Roads Sanitation District, discharge 14 and 25 million 
gallons per day (MGD; 0.6 and 1.1 cubic meters per second) 
of treated waters respectively to the Elizabeth River system. 
The present study was undertaken to investigate the means by 
which and the rates at which materials discharged into the 
Elizabeth River are dispersed through and flushed out of 
the system. The primary focus of this exercise was to 
determine whether the existing outfall sites for the two 
STP's were so situated to minimize effects on water quality 
and if this were not the case, to note superior sites. 
The E l i zabe th  River  System 
The E l i z a b e t h  River system i s  comprised of  t h e  
main stem of  t h e  E l i z a b e t h  (from Sewe l l ' s  P o i n t  t o  Town 
P o i n t ) ,  t h e  La faye t t e  River and t h e  Western, Eas te rn  and 
Sazkh-Bra~~&s-ass kewni;n4%gur c3 1. T-fleELiz-afxrth i s  
p a r t  of t h e  I n t r a c o a s t a l  Waterway mainta ined by t h e  Corps 
of Engineers.  A t  t h e  head of t h e  Southern Branch t h e  
Waterway b i f u r c a t e s ,  p rov id ing  two in l and  r o u t e s  between 
Chesapeake Bay and Albermarle Sound. One r o u t e  passes  
through Great  Bridge a long t h e  Chesapeake and Albemarle 
Canal ,  down t h e  North Landing River  and i n t o  Curr i tuck  
Sound. The locks  a t  Grea t  Bridge c o n t r o l  t h e  f low of water  
and mark t h e  p o i n t  where t h e  t i d a l  waves from t h e  two 
water  bodies  meet. S ince  both  ha lves  of t h e  Waterway a r e  
t i d a l ,  it bas been s t a t e d  t h a t  t h e r e  i s  no n e t  flow through 
t h e  l ocks ,  and t h e r e f o r e  t h a t  t h i s  waterway does no t  con- 
t r i b u t e  any f r e shwa te r  t o  t h e  E l i z a b e t h  River system 
(Corps of Engineers ,  1974) .  However, it i s  p o s s i b l e  t o  
have a  n e t  f low i f  c e r t a i n  r e l a t i o n s h i p s  e x i s t  between t h e  
t i d a l  phases and ampli tudes  on t h e  two s i d e s  of t h e  locks .  
I t  a l s o  must b e  noted t h a t  wate r  l e v e l  f l u c t u a t i o n s  i n  
Curr i tuck  Sound are dominated by t h e  wind r a t h e r  than  t h e  
as t ronomical  t i d e s .  Therefore ,  t h e r e  very we l l  could be 
a  n e t  flow i n t o  o r  o u t  of t h e  E l i z a b e t h  River  system, b u t  
t o  t h i s  d a t e ,  no measurements have been made by t h e  Corps 
o r  o t h e r  agencies  which would a l low t h i s  f low t o  be  es t imated 
Western Branch 
Southern Branch 
Great Bridge STP 
F igu re  1. T h e  E l i z a b e t h  R i v e r  S y s k e m .  
o r  c a l c u l a t e d .  For t h i s  s tudy  t h e  flow from t h e  Chesapeake 
and Albermarle Canal has  been assumed t o  be zero.  
The second r o u t e  fo l lows  t h e  Dismal Swamp Canal 
and provides  acces s  t o  Albemarle Sound near  E l i zabe th  
C i t y ,  North Caro l ina .  From an hydrau l i c  poin_ttoffviewW,- 
t h e  Dismal Swamp r e p r e s e n t s  t h e  h igh  p o i n t  of t h i s  r eg ion  
and wate r  f lows away from Lake Drumrnond i n  nea r ly  every 
d i r e c t i o n .  The f low t o  t h e  Southern Branch of t h e  E l i zabe th  
River i s  c o n t r o l l e d  by t h e  locks  and sp i l lway  a t  Deep Creek. 
This  flow of wate r  i s  t h e  only  n a t u r a l  Source of wate r  which 
has  been measured over  t h e  years .  The long-term average 
monthly f lows and t h e  monthly f lows f o r  r e c e n t  y e a r s  ake 
gkven i n  F igu re  A-1 and Table A-2 i n  Appendix A. The long- 
t e r m  y e a r l y  average f low through t h e  locks  and sp i l lway  i s  
3 2309 m i l l i o n  g a l l o n s  pe r  month (8,740,000 m /month) o r  77 
3  MGD (3.4 m / s e c ) .  During most of  t h e  y e a r ,  t h e  major p o r t i o n  
of t h e  f low e n t e r s  v i a  t h e  sp i l lway .  ~ u r i n g  t h e  dry  p a r t  
of t h e  y e a r ,  l a t e  summer and e a r l y  f a l l ,  t h e  f low i s  con- 
t r o l l e d  by t h e  lockages which i n c r e a s e  due t o  u se  of t h e  
I n t r a c o a s t a l  Waterway by smal l  c r a f t .  
S ince  t h e  e n t i r e  d ra inage  b a s i n  f o r  t h e  E l i zabe th  
River l i e s  very  c l o s e  t o  t h e  A t l a n t i c  Ocean and e n t i r e l y  
w i th in  t h e  Coas t a l  P l a i n  prov inces ,  t h e  topographic  r e l i e f  
i s  s l i g h t .  The maximum n a t u r a l  e l e v a t i o n  is  on t h e  o rde r  of 
25 f e e t  above mean s e a  l e v e l .  The t o t a l  a r e a  of t h e  dra inage  
b a s i n  i s  around 300 square  mi l e s .  Urbanizat ion normally 
i n c r e a s e s  t h e  p o r t i o n  of r a i n f a l l  t h a t  goes d i r e c t l y  i n t o  
over land runoff  and reduces t h e  p o r t i o n  which soaks i n t o  
t h e  ground and e n t e r s  t h e  groundwater supply,  s i n c e  l a r g e  
a r e a s  a r e  paved o r  o therwise  covered wi th  impervious mater- 
i a l s .  These t h r e e  f a c t o r s ,  low r e l i e f ,  smal l  d ra inage  
a - r - L u - , - z & l w a z ~ ~ ~  
groundwater f low i n t o  t h e  E l i z a b e t h  and t o  i n c r e a s e  t h e  
magnitude of  t h e  peak f lows dur ing  r a i n y  per iods .  Thus 
t h e  f r e shwa te r  i n p u t  from t h e  t r i b u t a r i e s  i s  low dur ing  dry 
pe r iods  and has high peaks dur ing  wet per iods .  Since t h e r e  
a r e  no gaging s t a t i o n s  on any of t h e s e  t r i b u t a r i e s ,  t h i s  
d e s c r i p t i o n  remains an e s t i m a t e  of how t h e  system works 
and may n o t  always hold  t r u e .  
The t h i r d  source  of f r e shwa te r  t o  t h e  E l i zabe th  i s  
t h e  l a r g e  number of  e f f l u e n t  s t reams from t h e  sewage t r e a t -  
ment p l a n t s  i n  t h e  a r ea .  The load ings  f o r  t h e  s i x  HRSD 
p l a n t s  and t h e  C i t y  of Portsmouth's  Pinner  P o i n t  p l a n t  a r e  
given i n  Table B-1 i n  Appendix B.  The combined flows of 
t h e s e  municipal  STP's a lone  a r e  i n  excess  of 50 MGD ( 2 . 2  
3 m / s e c ) ,  and i n d u s t r y  c o n t r i b u t e s  a d d i t i o n a l  flows. I t  i s  
apparent  t h a t  t h e s e  f lows a r e  of  t h e  same o r d e r  of magnitude 
a s  t h e  f low from t h e  Dismal Swamp, and t h e r e f o r e  must be 
considered i n  t h e  a n a l y s i s  of c i r c u l a t i o n ,  
Avai lab le  Data 
Although t h e  E l i zabe th  River p rov ides  f a c i l i t i e s  
f o r  commercial sh ipp ing  and sh ipbu i ld ing  and i s  home p o r t  
f o r  a s i z e a b l e  p o r t i o n  of  t h e  U, S. nava l  f l e e t ,  much l e s s  
in format ion  on t h e  system i s  a v a i l a b l e  t han  one would expect .  
9 
Comprehensive s t u d i e s  of t h e  e n t i r e  system have n o t  been 
r epo r t ed  i n  t h e  l i t e r a t u r e .  A l a r g e  number of s t u d i e s  
wi th  l i m i t e d  goa l s  have been conducted, and from t h e s e  
one can p i e c e  t oge the r  a  rough p i c t u r e  of  t h e  t o t a l  system. 
Fnr e ~ a ~ f h P i t ~ ~ i ~  - 
t h e  near  f i e l d  e f f e c t s  of t h e  va r ious  o u t f a l l s  and long 
term background d a t a  on t h e  f i n a l  p l a n t  e f f l u e n t s  and 
wate r  q u a l i t y  i n  t h e  immediate v i c i n i t y  of t h e  o u t f a l l s .  
However, s i n c e  no samples a r e  c o l l e c t e d  a t  i n t e rmed ia t e  
p o i n t s  o r  a t  " c o n t r o l  s t a t i o n s " ,  it i s  impossible  t o  r e l a t e  
t h e  STP i n p u t s  t o  e s t u a r i n e  wate r  q u a l i t y  i n  any quant i -  
t a t i v e  f a sh ion .  Thus t h e  u se fu lnes s  of t h e s e  d a t a  f o r  
t h e  purposes of t h i s  s tudy  i s  n i l .  
I n  1972 a  f i e l d  s tudy  was conducted under t h e  
j o i n t  sponsorsh ip  of  t h e  James River "3-c" Study, HRSD, 
and t h e  Cooperating S t a t e  Agencies program between VIMS, 
t h e  S t a t e  Water Control  Board and t h e  Div is ion  of Water 
Resources. Dye was i n j e c t e d  i n t o  t h e  r i v e r  system v i a  t h e  
Lambert P o i n t  o u t f a l l  f o r  s e v e r a l  days i n  Apr i l .  Th is  
s tudy  provided t h e  f i r s t  conc re t e  evidence t h a t  t h e  e f f l u e n t  
from t h e  Lambert P o i n t  p l a n t  was d i s p e r s e d  over  a  l a r g e  
a r e a  i nc lud ing  reaches  s e v e r a l  mi l e s  u p r i v e r  from t h e  
o u t f a l l .  I t  was a l s o  found t h a t  t h e  system had n o t  reached 
equ i l i b r ium cond i t i ons  dur ing  t h e  s tudy  s o  t h a t  one recommen- 
d a t i o n  f o r  f u t u r e  s t u d i e s  was t h a t  dye be i n j e c t e d  a t  a  
slower r a t e  over a  longer  per iod  of t i m e .  
1 0  
I n  1973 a program was i n i t i a t e d  a t  t h e  V i r g i n i a  
I n s t i t u t e  of Marine Science (VIMS) which was sponsored by 
t h e  Nat iona l  Science Foundat ion 's  Research Applied t o  
Nat iona l  Needs (RANN) program. The t h r e e  primary elements 
of t h i s  s tudy  w e r e :  1) Regular s l a c k  wate r  monitoring of 
t h e  system. 2 )  I n t e n s i v e  f i e l d  surveys  t o  fo l low t h e  
d i s p e r s i o n  of dye throughout  t h e  system due t o  long term 
( 2  weeks) i n j e c t i o n  of  dye v i a  t h e  Lambert Po in t  STP 
o u t f a l l .  These surveys  were conducted i n  September of 1973 
and May of  1974. 3)  The development of a mathematical  
model of  t h e  E l i z a b e t h  River  system. A d a t a  r e p o r t ,  a 
d e s c r i p t i o n  of  t h e  mathematical  model and a summary of t h e  
water  q u a l i t y  surveys  w i l l  be r e l e a s e d  i n  t h e  Spr ing of 1975. 
A t h i r d  i n t e n s i v e  f i e l d  survey was conducted f o r  t h e  
p r e s e n t  s tudy i n  August of 1974. Dye was i n j e c t e d  i n t o  
t h e  e f f l u e n t  of  t h e  Army Base STP a t  t h e  downstream end of 
t h e  c h l o r i n e  c o n t a c t  chamber a t  t h e  r a t e  of 6 ga l lons  pe r  
day f o r  15  days. On t h e  l a s t  two days ,  n ine  s t a t i o n s  a long 
t h e  Main Branch of t h e  E l i zabe th  and i n  t h e  Lafaye t te  River 
and t h e  Western Branch were sampled hourly  f o r  t h i r t e e n  hours 
p e r  day. I n  a d d i t i o n  a moving boa t  t r a v e l e d  through t h e  
system moni tor ing s u r f a c e  dye concen t r a t i ons  near  s l a c k  
water .  Parameters measured hourly  a t  t h e  anchor s t a t i o n s  
were temperature ,  s a l i n i t y ,  dye,  d i s so lved  oxygen; bio- 
chemical oxygen demand a l s o  was measured a t  t h e  end of t h e  
survey.  
Graphs, p r o f i l e s  and t a b u l a r  summaries of t h e s e  
d a t a  which i l l u s t r a t e  p e r t i n e n t  f e a t u r e s  of t h e  system 
w i l l  be  p re sen ted  i n  t h e  t e x t .  A p r e s e n t a t i o n  of d a t a  
from t h e  two RANN surveys  and t h e  Army Base s tudy  i s  
inc luded  i n  Appendix D .  
CHAPTER 3. THE FATE OF MATERIALS DISCHARGED 
I N T O  THE ELIZABETH RIVER SYSTEM 
A subs tance  which i s  d i scharged  t o  t h e  wate rs  of 
t h e  E l i z a b e t h  River system w i l l  be  d i spe r sed ,  d i l u t e d  
and c a r r i e d  away by s e v e r a l  p h y s i c a l  p rocesses ,  F i r s t ,  
under most circumstances t h e r e  w i l l  b e  d i l u t i o n  due t o  
en t ra inment  of  ambient wate r  i n  t h e  e f f l u e n t  j e t ,  Second, 
t i d a l  c u r r e n t s  w i l l  cause  mixing,  and t h i s  so-ca l led  
" t i d a l  mixing" w i l l  t end  t o  d i s p e r s e  m a t e r i a l s  and reduce 
concen t r a t i on  g r a d i e n t s .  Thi rd ,  t h e r e  w i l l  be  t h e  advec t ive  
f low due t o  t h e  f r e shwa te r  inf lows a t  t h e  heads of t h e  
s e v e r a l  t r i b u t a r i e s .  This flow tends  t o  t r a n s p o r t  wastes 
through t h e  system and o u t  i n t o  Hampton Roads. And f o u r t h ,  
t h e r e  i s  t h e  exchange of wate rs  between t h e  E l i z a b e t h  River 
and Hampton Roads. One component of t h i s  exchange i s  due 
t o  t h e  t i d e s  and t h e  c i r c u l a t i o n  p a t t e r n  i n  Hampton Roads 
which b r i n g  "new" water  i n t o  t h e  E l i z a b e t h  on every f l ood  
t i d e .  This component w i l l  vary  somewhat a s  t h e  ampli tude 
of t h e  t i d e  v a r i e s  from s p r i n g  t i d e  t o  neap t i d e .  The o t h e r  
component i s  non- t ida l  i n  n a t u r e  and i s  caused by d e n s i t y  
induced c i r c u l a t i o n .  For p a r t i a l l y  s t r a t i f i e d  e s t u a r i e s ,  
t h e r e  i s  a  n e t  u p r i v e r  flow of s a l t y  water  near  t h e  bottom 
of  t h e  r i v e r  and a  n e t  downriver f low of f r e s h e r  wate r  
nea r  t h e  s u r f a c e .  The s t r e n g t h  of  t h i s  non - t i da l  c i r c u l a t i o n  
i s  a  func t ion  of t h e  d e n s i t y  g r a d i e n t s  which a r e  caused 
p r imar i ly  by v a r i a t i o n s  i n  s a l i n i t y .  The s a l i n i t y  regime i n  
t u r n  i s  dependent on t h e  h i s t o r y  of f r e shwa te r  runof f .  
Since  a l l  of t h e s e  processes  a c t  upon t h e  system a t  one 
t i m e  it i s  d i f f i c u l t  t o  s e p a r a t e  o u t  t h e  e f f e c t s  of each 
i n d i v i d u a l  p rocess .  However, comparison of t h e  s l a c k  
wate r  d a t a  f o r  t h e  summer of 1974 w i l l  i l l u s t r a t e  some 
a s p e c t s  of how t h e  system works. 
Slack Water Surveys, 1974 
I n  a d d i t i o n  t o  t h e  i n t e n s i v e  surveys ,  a  s e r i e s  of 
r e g u l a r  s l a c k  wate r  runs  was made dur ing  t h e  summer of  
1974 a t  approximately two week i n t e r v a l s .  The s l a c k  t i d e  
wave i n  t h e  E l i z a b e t h  i s  s i m i l a r  t o  a  s t and ing  wave, w i t h  
s l a c k  w a t e r  occu r r ing  nea r ly  s imul taneously  throughout 
t h e  whole system. Consequently, it i s  very d i f f i c u l t  t o  
t a k e  a l l  samples p r e c i s e l y  a t  s l a c k  wa te r ,  Furthermore,  
it i s  impossible  f o r  one b o a t  t o  survey more than t h e  main 
stem and one of t h e  t r i b u t a r i e s  w i t h i n  t h e  pe r iod  of weak 
c u r r e n t s .  Normally, t h e  main stem and t h e  Southern Branch 
were sampled on each run  and one o r  more of t h e  o t h e r  
t r i b u t a r i e s  sampled p r i o r  t o  o r  a f t e r  s l a c k  wa te r ,  The 
d a t a  which w i l l  be  p resen ted  a r e  f o r  t h e  main stem and t h e  
Southern Branch. 
During t h e  month of A p r i l  1974 t h e  r a i n f a l l  f o r  
t h e  Norfolk a r e a  was 3.34 inches .  About two t h i r d s  of t h i s  
occur red  i n  t h e  f i r s t  t e n  days of t h e  month, R a i n f a l l  f o r  
t h e  e n t i r e  James River  Basin appa ren t ly  followed t h e  same 
p a t t e r n ,  s i n c e  r i v e r  flow a t  ~ i chmond  r o s e  t o  a  maximum 
of 27,000 cfs  (759 m"/secj on t h e  7 th ,  and decreased s t e a d i l y  
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t h e r e a f t e r .  For purposes of comparison, t h e  long term 
average f low a t  Richmond i s  about  7200 c f s  (200 m3/sec).  
The f low f o r  t h e  l a s t  h a l f  of t h e  month was between 5,000 
3  
and 10,000 c f s  (150 t o  300 m / s e c ) .  The flow from t h e  
208 MGD (9 m3/sec),  n e a r l y  twice t h e  long term average 
flow f o r  Apr i l .  One could assume t h a t  t h i s  f low a l s o  was 
h igh  i n  t h e  f i r s t  h a l f  of  t h e  month and decreased dur ing  
t h e  l a t t e r  h a l f .  For t h e s e  cond i t i ons ,  t h e r e  was moderate 
v e r t i c a l  s a l i n i t y  s t r a t i f i c a t i o n  w i t h i n  t h e  E l i zabe th  w i t h  
two p p t  ( p a r t s  p e r  thousand) s u r f a c e  t o  bottom d i f f e r e n c e  
a t  most s t a t i o n s .  A t  t h e  mouth, near  Craney I s l a n d  t h e  
v e r t i c a l  d i f f e r e n c e  was g r e a t e r  and on t h e  o rde r  of 5  pp t ,  
Sur face  s a l i n i t i e s  v a r i e d  from around 17 a t  Craney I s l a n d  
( S t a t i o n  A l )  t o  13 p p t  a t  t h e  I n t e r s t a t e  Highway b r idge  
( S t a t i o n  E3) .  Thus it appears  t h a t  f o r  moderate f reshwater  
f lows i n  t h e  E l i zabe th  and t h e  James, t h e r e  w i l l  be moderate 
v e r t i c a l  s t r a t i f i c a t i o n  i n  t h e  E l i z a b e t h  and a l s o  a  moderate 
l o n g i t u d i n a l  s a l i n i t y  g r a d i e n t .  These cond i t i ons  a r e  
i l l u s t r a t e d  by t h e  d a t a  f o r  May 1 and 2 ,  1974 a s  shown i n  
F igures  2 and 3. 
During t h e  f i r s t  h a l f  of May, r a i n f a l l  a t  Norfolk 
f o r  t h e  f i r s t  17 days amounted t o  1 .7  inches .  Condi t ions  
f o r  t h e  James were q u i t e  d i f f e r e n t ,  and flow a t  Richmond 
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reached a  peak of nea r ly  37,000 c f s  ( l o 0 0  m /set) on t h e  
15th .  The f low was over  10,000 c f s  (300 m3/sec) from t h e  
12 th  t o  t h e  20th i n c l u s i v e .  This  r e s u l t e d  i n  g r e a t e r  
E a s t e r n  B r a n c h  
B r a n c h  
S t a t i o n s  A1  A2 B1 C2 C3 D l  E l  E2 E3 
S t a t i o n s  A1 A2 B1 C2 C3 D l  E  1 E  2  E3 
Figures  2 and 3. Low water s l a c k  s a l i n i t y  p r o f i l e s .  
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v e r t i c a l  s t r a t i f i c a t i o n  i n  Hampton Roads a s  t h e  upper 
l a y e r  of wate r  was d i l u t e d  and f reshened by t h e  seaward 
f lowing r a inwa te r s .  On t h e  1 7 t h  of May t h e  s a l i n i t y  a t  
t h e  s u r f a c e  nea r  Craney I s l a n d  was down t o  around 1 2  p p t ,  
and t h e  s u r f a c e  t o  bottom d i f f e r e n c e  had inc reased  from 
6  p p t  t o  13 p a r t s  p e r  thousand. This r e s u l t e d  i n  g r e a t e r  
v e r t i c a l  s t r a t i f i c a t i o n  wi th in  t h e  E l i zabe th  River a s  
w e l l ;  t h e  v e r t i c a l  d i f f e r e n c e  a t  most s t a t i o n s  was nea r ly  
6 ppt .  The i s o h a l i n e s ,  o r  l i n e s  of cons t an t  s a l i n i t y ,  
a r e  nea r ly  h o r i z o n t a l  whereas t hose  f o r  t h e  1st and 2nd 
of May were much more v e r t i c a l l y  i n c l i n e d .  (See F igu re  4 ) .  
During t h e  pe r iod  May 17 t o  June 5,  t h e  r a i n f a l l  
a t  Norfolk was 2.56 inches ,  t h e  r i v e r  flow a t  Richmond was 
3 
a t  o r  above 5,000 c f s  (150 m / s e c ) ,  and t h e  monthly flow 
from t h e  Dismal Swamp was 720 m i l l i o n  g a l l o n s  o r  2 4  MGD 
3 (1 m /set), roughly h a l f  of t h e  long term average d i scharge .  
A s  a  r e s u l t  of  t h e s e  reduced f r e shwa te r  in f lows ,  v e r t i c a l  
and h o r i z o n t a l  s a l i n i t y  g r a d i e n t s  were g r e a t l y  reduced a s  
can be  seen i n  F igure  5. Because of t h e  s a l t  i n t r u s i o n  i n  
mid-May, s a l i n i t y  l e v e l s  were g e n e r a l l y  h igher  on June 5  
than  on May 1 o r  2.  Although t h e  f low a t  Richmond peaked 
t o  more than  2 0 , 0 0 0  c f s  (600 m5/sec) on June 5 ,  t h e r e  was 
no downstream impact a t  t h a t  t ime.  The s u r f a c e  t o  bottom 
d i f f e r e n c e  a t  Craney I s l a n d  was l e s s  than 3 p p t  and t h e  
c e n t r a l  reach  of t h e  E l i zabe th  from Lambert P o i n t  t o  t h e  
Portsmouth Naval Yards ( s t a t i o n s  B 1  t o  E l )  was nea r ly  
homogeneous. Thus we can s e e  t h a t  dur ing  pe r iods  of Low 
S t a t i o n s  
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F igu re  4.  Low water  slaclc s a l i n i t y  p r o f i l e .  
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High Water S lack  
F igure  5. High water  s l a c k  s a l i n i t y  p r o f i l e .  
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f r e shwa te r  flow and moderate s t r a t i f i c a t i o n  i n  Harnpton 
Roads, t i d a l  mixing reduces  v e r t i c a l  and l o n g i t u d i n a l  
g r a d i e n t s  and t h e  r i v e r  t ends  towards well-mixed condi t ions .  
V e r t i c a l  and h o r i z o n t a l  v a r i a t i o n s  a r e  no t  completely 
e l imina t ed ,  b u t  t h e  g r a d i e n t s  a r e  s l i g h t  everywhere except  
nea r  t h e  boundaries.  
For  t h e  pe r iod  June 5  t o  27, 1974 t h e r e  w e r e  3-59 
inches  of r a i n  a t  Norfolk, and n e a r l y  a l l  of t h i s  occur red  
on t h e  20th,  22nd, and 23rd. The James River  flow a t  
3  Richmond was normally less than  5,000 c f s  (150 m /set) and 
t h e  monthly f low from t h e  Dismal Swamp was 9 8 Q  m i l l i o n  
g a l l o n s  o r  32 MGD ( 1 . 4  m5/sec) , about  30% g r e a t e r  than t h e  
long term average f o r  June.  For  t h i s  pe r iod  then ,  t h e  only  
l a r g e  i n p u t  of f r e shwa te r  was t h e  r a i n  s e v e r a l  days be fo re  
t h e  s l a c k  water  survey.  A comparison of t h e  s a l i n i t y  
p r o f i l e s  i n  F igures  5  and 6  shows t h a t  t h e  i s o h a l i n e s  have 
become more h o r i z o n t a l  and t h a t  t h e  upstream s a l i n i t y  has 
been reduced from 15 p p t  t o  12 pp t .  Downstream cond i t i ons  
i n  Hampton Roads on t h e  o t h e r  hand have remained n e a r l y  
cons t an t .  A s u r f a c e  t o  bottom s a l i n i t y  d i f f e r e n c e  of two 
p p t  can be  found throughout most of t h e  El izabe th .  
The month of J u l y  was i n  g e n e r a l  d ry ,  and t h e  r i v e r  
3  flow a t  Richmond was c o n s i s t e n t l y  below 5,000 c f s  (150 m / s ec )  . 
The r a i n f a l l  a t  Norfolk between June 27 and J u l y  31 was 
6.06 inches ;  however, 3.81 inches  f e l l  on J u l y  26 and 1 . 0 1  
inches  on J u l y  30. A s  a r e s u l t  of t h i s  l a r g e  f reshwater  
in f low,  on J u l y  3  t h e  v e r t i c a l  s t r a t i f i c a t i o n  i n  t h e  E l i zabe th  
Stations 
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Figures 6 and 7. Low water slack salinity profiles. 
was s t r o n g  a s  seen  i n  F igu re  7. The i s o h a l i n e s  a r e  nea r ly  
h o r i z o n t a l  and s u r f a c e  t o  bottom s a l i n i t y  d i f f e r e n c e s  of 
6 p p t  can be  observed f o r  most s t a t i o n s .  S t r a t i f i c a t i o n  
i n  Hampton Roads and t h e  l o n g i t u d i n a l  g r a d i e n t  i n  t h e  
upper Southern Branch a l s o  increased .  
During August, t h e  flow a t  Richmond cont inued t o  
3 be below 5,000 c f s  (150 m / s ec )  most of t h e  t i m e ;  t h e  d i s -  
charge from t h e  Dismal Swamp was 1230 m i l l i o n  g a l l o n s  o r  
3 4 0  MGD (1.7 m / s ec )  above average f o r  August; and t h e  r a in -  
f a l l  f o r  t h e  pe r iod  J u l y  31 t o  August 27 was 8.13 inches .  
A s  a  r e s u l t  of t h i s  h igh  l o c a l  r a i n f a l l ,  s t r a t i f i c a t i o n  
was r a t h e r  s t r o n g  w i t h i n  t h e  E l i z a b e t h  River and i n  Hampton 
Roads, a s  shown i n  F igu re  8.  Sur face  t o  bottom s a l i n i t y  
d i f f e r e n c e s  of 6 p p t  were t y p i c a l .  I s o h a l i n e s  were 
e s s e n t i a l l y  h o r i z o n t a l .  
I n  summary, it appears  t h a t  t i d a l  mixing and t h e  
s a l i n i t y  s t r a t i f i c a t i o n  i n  Hampton Roads a r e  t h e  c o n t r o l l i n g  
v a r i a b l e s  which determine t h e  s a l i n i t y  s t r u c t u r e  i n  t h e  
E l i zabe th .  Contrary t o  publ ished r e p o r t s  t h a t  t h e  E l i z a b e t h  
has  " s l u g g i s h  t i d a l  cyc les"  and "low d i s p e r s i o n  and t r a n s p o r t  
c h a r a c t e r i s  t i c s "  (Pheif  f e r  , e t  a 1  , , 1972) , t h e  d a t a  ga thered  
dur ing  t h e  r e c e n t  s t u d i e s  i n d i c a t e  t h a t  mixing i n  t h e  
E l i zabe th  i s  n o t  weak. I n  a d d i t i o n  t o  t i d e s ,  winds and 
t h e  cons t an t  passage of  t u g s ,  commercial f r e i g h t e r s  and 
naval  s h i p s  c o n t r i b u t e  t o  t h e  mixing process .  Furthermore, 
t h e  t i d a l  component probably v a r i e s ,  being s t r o n g e s t  a t  
S t a t i o n s  
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Low Water S l a c k  
F i g u r e s  8 and 9 .  Low wa te r  s l a c k  s a l i n i t y  p r o f i l e s ,  
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s p r i n g  t i d e  and weakest a t  neap t i d e .  S ince  t h e r e  i s  no 
method t o  d i f f e r e n t i a t e  t h e  va r ious  mixing processes ,  t h e i r  
n e t  combined e f f e c t  has been c a l l e d  " t i d a l  mixing". The 
impor tan t  p o i n t  i s  t h a t  t h i s  mixing process  i s  s u f f i c i e n t l y  
g r a d i e n t s .  Two pe r iods  when t h e s e  "well-mixed" cond i t i ons  
occur red  i n  t h e  E l i z a b e t h  a r e  September 1973 and March 1974. 
R a i n f a l l  a t  t h e  Norfolk a i r p o r t  was 0 . 6 2  inches  f o r  t h e  f i r s t  
2 1  days of September and 3.59 inches  f o r  t h e  f i r s t  27 days 
o f  March. For bo th  surveys ,  t h e  c e n t r a l  p o r t i o n  of t h e  r i v e r  
was e s s e n t i a l l y  homogeneous a s  can be seen  i n  F igu res  9 and 
1 0 .  I n  September, t h e  upper reaches  of t h e  Southern Branch 
were s e c t i o n a l l y  homogeneous, t h a t  i s  v e r t i c a l  d i f f e r e n c e s  
were s l i g h t  a l though t h e r e  remained a  moderate h o r i z o n t a l  
g r a d i e n t ,  whereas i n  March both v e r t i c a l  and l o n g i t u d i n a l  
g r a d i e n t s  were observed. For both  ca ses  it appears t h a t  t h e  
s u r f a c e  t o  bottom s a l i n i t y  d i f f e r e n c e  i n  Hampton Roads was 
l e s s  than  5 p a r t s  p e r  thousand. Apparently,  t h e  mixing pro- 
ce s s  i s  more complete i n  t h e  E l i z a b e t h  t han  i n  Hampton Roads, 
I n  c o n t r a s t  t o  pe r iods  when much of t h e  E l i zabe th  
i s  homogeneous, t h e r e  a r e  pe r iods  of s t r o n g  v e r t i c a l  s t r a t i f i -  
c a t i o n .  I t  appears  t h a t  anytime t h e r e  i s  s t r o n g  s t r a t i f i -  
c a t i o n  i n  Hampton Roads, t h e  E l i zabe th  w i l l  a l s o  e x h i b i t  
s i m i l a r  condi t ions .  A t  p r e s e n t  t h e  d a t a  a r e  i n s u f f i c i e n t  
t o  determine wi th  any p r e c i s i o n  what r i v e r  f lows w i l l  cause  
t h i s  t o  happen. On a  q u a l i t a t i v e  b a s i s ,  though, it appears  
t h a t  l o c a l i z e d  r a i n f a l l s  of moderate i n t e n s i t y  w i t h i n  t h e  
S t a t i o n s  
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F i g u r e  1 0 .  High wate r  s l a c k  s a l i n i t y  p r o f i l e .  
E l i z a b e t h  River  d ra inage  b a s i n  w i l l  i n c r e a s e  s t r a t i f i c a t i o n  
only  s l i g h t l y .  The s t r o n g  s t r a t i f i c a t i o n  i n  Hampton Roads 
can be caused by sha rp  i n c r e a s e s  i n  t h e  f reshwater  flow 
May 15 ,  1974) heavy r a i n f a l l  i n  t h e  e n t i r e  Harnpton Roads 
a r e a ,  o r  extremely i n t e n s e  storms i n  any of t h e  smal l  d ra inage  
bas ins  t r i b u t a r y  t o  Hampton Roads. S ince  meteoro log ica l  d a t a  
a r e  c o l l e c t e d  a t  only  a  very few p o i n t s ,  one cannot  d i s t i n g u i s h  
between very l o c a l i z e d  summer thunder showers and l a r g e r ,  
r e g i o n a l  p a t t e r n s  of r a i n .  Nei ther  a r e  t h e r e  any gaging 
s t a t i o n s  on t h e  h igher  o r d e r  s t reams.  Nonetheless,  t h e  
impor tan t  p o i n t  t o  be  g o t t e n  from t h i s  d i s cus s ion  i s  t h a t  
s t r o n g  s t r a t i f i c a t i o n  i n  Hampton Roads, no m a t t e r  what causes 
it, w i l l  extend i n t o  t h e  E l i zabe th  River .  S ince  t h e  naviga- 
t i o n  channel  i n  t h e  E l i z a b e t h  i s  3 5 q e e p  t o  t h e  t u r n i n g  
b a s i n  nea r  Newton Creek ,  r i v e r  m i l e  15.5 ,  t h e  wedge of s a l t y  
wate r  can move f a r  upstream. For example, on May 17 ,  1974, 
F igure  4 ,  one can no te  t h a t  t h e  i s o h a l i n e s  a r e  nea r ly  ho r i -  
zon ta l  no t  on ly  i n  t h e  downstream reaches  b u t  a l s o  a t  s t a t i o n  
E 3 ,  t h e  most u p r i v e r  s t a t i o n  a t  m i l e  16 .5 ,  i n d i c a t i n g  t h a t  
even t h e  reaches  near  Grea t  Bridge can b e  a f f e c t e d  by t h i s  
type  o f  s a l i n i t y  s t r a t i f i c a t i o n .  
The two s i t u a t i o n s  j u s t  de sc r ibed  r e p r e s e n t  t h e  
extreme cases  between which cond i t i ons  r ange ,  Typica l ly  t h e r e  
w i l l  be  bo th  v e r t i c a l  and l o n g i t u d i n a l  v a r i a t i o n s  of s a l i n i t y  
w i t h i n  t h e  E l i zabe th ,  b u t  t h e  g r a d i e n t  w i l l  no t  be s t r o n g .  
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The f i n a l  p o i n t  t o  no te  from t h i s  d i s c u s s i o n  i s  t h a t  t h e r e  
i s  a  non- t i da l  c i r c u l a t i o n  of  wate r  between Hampton Roads 
and t h e  E l i z a b e t h  River .  During pe r iods  of  s t r o n g  s t r a t i f i -  
c a t i o n ,  t h e r e  w i l l  be a  very s u b s t a n t i a l  n e t  non- t ida l  flow 
of  s a l t i e r  water i n t o  t h e  E l i zabe th  near  t h e  bottom and 
f r e s h e r  wate r  o u t  t o  Hampton Roads near  t h e  s u r f a c e .  During 
pe r iods  of homogeneous o r  well-mixed cond i t i ons ,  t h i s  non- 
t i d a l  flow w i l l  n o t  e x i s t .  Therefore ,  t h e  f l u s h i n g  of t h e  
E l i zabe th  w i l l  be p o o r e s t  dur ing  t h e s e  pe r iods  and t h e  
r e s idence  t ime of wate r  i n  t h e  E l i zabe th  w i l l  b e  g r e a t .  
Residence Time 
I n  t h e  prev ious  s e c t i o n  i t  was shown t h a t  t i d a l  
mixing tends  t o  reduce both  v e r t i c a l  and h o r i z o n t a l  s a l i n i t y  
g r a d i e n t s ,  and t h e r e f o r e  t i d a l  mixing can be expected t o  reduce 
t h e  g r a d i e n t s  of o t h e r  wate r  c o n s t i t u e n t s .  I n  p a r t i c u l a r  
STP e f f l u e n t s  w i l l  t end  t o  be  d i spe r sed  i n  t h e  system by t h e  
a c t i o n  of t h e  t i d e s .  I t  was a l s o  noted t h a t  t h e  exchange 
of wate r  between t h e  E l i z a b e t h  and Hampton Roads w i l l  depend 
on t i d e s  and a l s o  t h e  non- t ida l  c i r c u l a t i o n  t h a t  i s  set  up 
by d e n s i t y  g r a d i e n t s .  During pe r iods  of  low f reshwater  
inf low and moderate s t r a t i f i c a t i o n  i n  Hampton Roads, w e  can 
expec t  a  r e l a t i v e l y  homogeneous water  mass t o  e x i s t  i n  t h e  
E l i zabe th  River sys  tern. During t h e s e  t i m e s ,  t h e  non- t ida l  
c i r c u l a t i o n  w i l l  be  very weak o r  nonex i s t en t  and f l u s h i n g  
w i l l  be  reduced. This r e p r e s e n t s  t h e  "wors t  case  condi t ions"  
f o r  t h e  phys i ca l  system. Consequently, t h e  a n a l y s i s  of r e s i -  
dence t ime w i l l  focus  on t h e  cond i t i ons  which e x i s t e d  dur ing  
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September 1973, when homogeneity occur red  over a  l a r g e  
p o r t i o n  of  t h e  r i v e r .  
The t i m e  t h a t  a  subs tance  r e s i d e s  i n  t h e  system 
a l s o  w i l l  be a  func t ion  of t h e  l o c a t i o n  a t  which t h e  sub- 
s t a n c e  is in t roduced  i n t o  t h e  system. For  example, t h e  r a t e  
of  dye i n j e c t i o n  f o r  t h e  Army Base Study was 1 . 5  t i m e s  t h a t  
used a t  t h e  Lambert P o i n t  p l a n t .  However, t h e  Army Base 
p l a n t  i s  c l o s e r  t o  t h e  mouth of t h e  E l i z a b e t h  River.  Also 
dur ing  September 1973, t h e  E l i zabe th  was well-mixed whi le  
dur ing  August 1 9  74 t h e r e  was r a t h e r  s t r o n g  s t r a t i f i c a t i o n .  
A s  a  r e s u l t ,  t h e  a c t u a l  dye concen t r a t i on  l e v e l s  were lower 
i n  August 1974 than i n  September 1973, as shown i n  F igures  
11 and 12. 
A q u a n t i t a t i v e  method t o  i l l u s t r a t e  t h e  r e s idence  
t i m e  and how it v a r i e s  i s  t o  run  t h e  mathematical  model t o  
s imu la t e  t h e  d i s p e r s i o n  and f l u s h i n g  of a  conserva t ive  sub- 
s t ance .  The model i s  a branched, one-dimensional t i d a l  
average model. V a r i a t i o n s  w i t h i n  t h e  t i d a l  c y c l e  a r e  n o t  
inc luded ,  s o  t h a t  t h e  r e s u l t s  a r e  p re sen ted  i n  terms of 
days r a t h e r  than  number t o  t i d a l  c y c l e s .  A more complete 
d e s c r i p t i o n  of  the model, examples of i n p u t  d a t a  and t h e  
r e s u l t s  of t h e  v e r i f i c a t i o n  runs  f o r  September 1973 con- 
d i t i o n s  a r e  inc luded  i n  Appendix E .  
The cond i t i ons  which e x i s t e d  i n  September of 1973 
a r e  c l o s e  t o  "wors t  case"  c o n d i t i o n s ,  s o  t h e s e  were used f o r  
t h e  t e s t s .  For each t e s t  an a r b i t r a r y  concen t r a t i on  l e v e l  
was assumed t o  e x i s t  w i t h i n  a  g iven  reach.  The reaches  a r e  
S t a t i o n s  
S t a t i o n s  
A 1  A2 B 1  C2 C 3  D l  
. . 
E l  E2 
- 
- 
- 
- 
- 
- 1 1 0  Dye ( P P ~ )  
15 20 2o September 20 ,  1973  
Low Water S l a c k  
F i g u r e s  11 and 12 .  Low w a t e r  s l a c k  s a l i n i t y  p r o f i l e s .  
shown i n  F igu re  1, and t h e  numbering begins  w i th  1 a t  Great  
Bridge and cont inues  t o  17 near  Craney I s l a n d .  The r e s u l t s  
of each model run inc lude  t h e  concen t r a t i on  i n  each reach 
and, on each day f o r  which t h e  r e s u l t s  were p r i n t e d  o u t .  The 
concen t r a t i ons  f o r  t h e  Main and Southern Branches of t h e  
E l i z a b e t h  have been p l o t t e d  i n  F igu res  13  t o  16 f o r  a sequence 
of days a f t e r  t h e  i n i t i a l  r e l e a s e ,  and f o r  r e l e a s e s  i n  segment 
6 (Washington STP) , 10 (Portsmouth s h i p y a r d s ) ,  15 (Lambert 
P o i n t  STP) , and 17 (Army Base STP) . 
I n  t h e s e  f i g u r e s ,  w e  can observe t h e  e f f e c t s  of 
t h e  two processes  which have been descr ibed  i n  t h e  preceding 
s e c t i o n s ,  namely d i s p e r s i o n  due t o  t i d a l  mixing and f lu sh ing  
o r  removal due t o  t i d a l  exchange wi th  Hampton Roads, I n  
F igure  13 ,  one can s e e  t h a t  f o r  s e v e r a l  days a f t e r  t h e  
r e l e a s e  of m a t e r i a l  t o  segment 6 ,  a lmost  no m a t e r i a l  i s  l o s t  
from t h e  system s i n c e  t h e  concen t r a t i ons  i n  segment 17 a r e  
very smal l  and more than  f o u r  o r d e r s  of magnitude sma l l e r  than 
t h e  i n i t i a l  concen t r a t i on .  A f t e r  4 days,  t h e r e  remains more 
than  two o r d e r s  of magnitude d i f f e r e n c e  between t h e  concentra-  
t i o n s  i n  segments 6 and 17 .  But a f t e r  11 days,  t h e  concen- 
t r a t i o n s  a r e  r a t h e r  uniform s p a t i a l l y  and t h e  d i f f e r e n c e  i s  
roughly one o r d e r  of magnitude. A t  t h e  o t h e r  end of t h e  
r i v e r ,  a r e l e a s e  t o  segment 17 ,  a s  shown i n  F igu re  16 ,  moves 
up r ive r  even more slowly s i n c e  t h e  concen t r a t i ons  i n  segments 
2 and 3 a r e  more than  t h r e e  o r d e r s  of magnitude sma l l e r  than 
t h e  i n i t i a l  concen t r a t i on  f o u r  days a f t e r  t h e  r e l e a s e .  A t  
l a t e r  t i m e s ,  n o t  only  a r e  t h e  upstream concen t r a t i ons  of 
Segment Number 
Figure 13. Concentration distributions on several 
days after release to segment 6. 
Segment Number 
Figure 14. Concentration distributions on several 
days after release to segment 10. 
Figure  15 .  Concentra t ion d i s t r i b u t i o n s  on s e v e r a l  
days a f t e r  r e l e a s e  t o  segment 1 5 .  
Segment Number 
0 0 Days j 
F i g u r e  1 6 .  Concen t ra t ion  d i s t r i b u t i o n s  on s e v e r a l  
days  a f t e r  r e l e a s e  t o  segment 1 7 ,  
t h e  same o r d e r  of magnitude a s  t h e  downstream l e v e l s ,  b u t  
a l s o  t h e  l o c a t i o n  of t h e  peak concen t r a t i on  has moved 
up r ive r .  The r e l e a s e  t o  segment 1 0 ,  a s  shown i n  F igu re  
1 4 ,  moves bo th  u p r i v e r  and downriver. 
e n e r a l ,  one can s e e  t h a t  i n - t h e  immediate 
v i c i n i t y  o f  t h e  r e l e a s e ,  t h e  concen t r a t i ons  decrease  a f t e r  
t h e  f i r s t  day. Fa r  from t h e  r e l e a s e  p o i n t ,  t h e  concentra-  
t i o n s  i n c r e a s e  f o r  roughly two weeks and then  decrease  
t h e r e a f t e r .  A f t e r  about  t e n  days ,  t h e  concen t r a t i ons  a r e  
u sua l ly  r e l a t i v e l y  uniform s p a t i a l l y  w i th  t h e  extreme concen- 
t r a t i o n s  d i f f e r i n g  by about one o r d e r  of magnitude. 
The changes i n  concen t r a t i ons  i l l u s t r a t e  how 
m a t e r i a l  d i s p e r s e s  through t h e  system and show t h a t  t h e  
t i d a l  exchange wi th  Hampton Roads i s  t h e  primary mechanism 
which removes m a t e r i a l  from t h e  E l i zabe th .  The reaches  
have q u i t e  d i f f e r e n t  volumes, and of course  some of t h e  
m a t e r i a l  e n t e r s  t h e  t r i b u t a r i e s .  The most q u a n t i a t i v e  method 
t o  show re s idence  t i m e  i s  t o  p l o t  t h e  amount remaining i n  t h e  
system a s  a func t ion  of t ime.  The i n i t i a l  concen t r a t i ons  
were chosen s o  t h a t  t h e  amount of t h e  subs tance  r e l e a s e d  t o  
t h e  r i v e r  w a s  1 , 0 0 0  ( a r b i t r a r y  u n i t s )  . The products  of t h e  
volumes and concen t r a t i ons  f o r  each reach  were c a l c u l a t e d  
and summed t o  f i n d  t h e  amount remaining i n  t h e  system on each 
day t e s t e d .  These d ie -of f  curves  a r e  shown i n  F igu re  17 
f o r  r e l e a s e s  i n  segments 6 ,  10 ,  13 ,  15 ,  and 1 7 .  The r e s u l t s  
a r e  summarized i n  Table 1. 
Q Segment 6 - Wash. STP 
0 Segment 7/10 
a Segment 1/13 
Segment 7/15 - Lambert Point STP 
@ Segment 7/17 - Army Base STP 
Time (Days) 
Figure  1 7 .  Residence t ime a s  i l l u s t r a t e d  by remaining 
p o r t i o n  of subs tance  i n j e c t e d  a t  va r ious  
l o c a t i o n s .  
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There i s  no s i n g l e  d e f i n i t i o n  of r e s idence  t i m e  
which i s  u n i v e r s a l l y  used and understood.  Rather t h e r e  a r e  
s e v e r a l  s i m i l a r  and r e l a t e d  d e f i n i t i o n s  a l l  of which a r e  
based on a l i n e a r  decay o r  removal r a t e ,  b u t  which g i v e  
dif-f-erent answers. The f i r s t  d e f i n i t i o n  probably comes from 
nuc lea r  s c i e n c e ,  where t h e  " h a l f - l i f e "  of a subs tance  i s  
c a l c u l a t e d .  This  d e f i n i t i o n  of t h e  r e s idence  t ime i s  t h e  
t i m e  r equ i r ed  f o r  t h e  amount of a subs tance  i n  t h e  system 
t o  be  reduced by a h a l f .  For an e s t u a r y  l i k e  t h e  E l i zabe th ,  
t h i s  d e f i n i t i o n  i s  probably n o t  a good one s i n c e  t h e  removal 
from t h e  system depends on both d i s p e r s i o n  and t i d a l  exchange. 
M a t e r i a l  d i scharged  i n t o  segment 17 ,  t h e  most downriver seg- 
ment, of course  was l o s t  beginning t h e  f i r s t  day. Ma te r i a l  
d i scharged  i n t o  segments f a r  upstream, such a s  segment 6 ,  
had t o  be  d i spe r sed  through t h e  system be fo re  t h e r e  w a s  any 
s i g n i f i c a n t  removal by t i d a l  exchange. The h a l f - l i f e  def in -  
i t i o n  of r e s idence  t ime over-emphasizes t h e  i n i t i a l  pe r iod  
s o  t h a t  long term p r e d i c t i o n s  a r e  i n a c c u r a t e .  For example, 
a f t e r  around t h r e e  and a t h i r d  " h a l f - l i v e s " ,  1 0 %  of t h e  
t o t a l  amount should remain i n  t h e  system. I f  t h e  numbers 
i n  t h e  0.5 column of Table 1 a r e  m u l t i p l i e d  by 3.3,  t h e  
produc ts  do n o t  resemble t h e  numbers i n  t h e  0 . 1  column. For  
upstream segments, t h e  h a l f - l i f e  d e f i n i t i o n  p r e d i c t s  ove r ly  
long r e s idence  t i m e s ,  and f o r  t h e  downstream reaches  it under- 
e s t i m a t e s  t h e  r e s idence  t i m e .  
A second d e f i n i t i o n  has  s t a t i s t i c a l  o r i g i n s ,  and 
t h e  r e s idence  t i m e  i s  def ined  a s  t h e  mean of t h e  t imes t h e  
i n d i v i d u a l  p a r c e l s  of wate r  spend i n  t h e  system. The concen- 
t r a t i o n  a t  t h i s  mean r e s idence  t i m e  i s  t h e  i n v e r s e  of " e n ,  
t h e  n a t u r a l  o r  Naperian base ,  o r  0.37. I f  around two and a 
t h i r d  of t h e s e  c y c l e s  occur t hen  t h e  remaining concen t r a t i on  
should aga in  be  0 .1 .  I f  t h e  numbers i n  t h e  0.37 column of 
Table 1 a r e  m u l t i p l i e d  by 2.3, t h e  produc ts  a r e  f a i r l y  c l o s e  
t o  t h o s e  i n  t h e  0 . 1  column, b u t  aga in  t h e  e s t ima te s  a r e  t o o  
l a r g e  f o r  upstream and t o o  smal l  f o r  downstream reaches .  
A t h i r d  d e f i n i t i o n  of r e s idence  t ime i s  t h e  t ime 
r equ i r ed  f o r  t h e  amount t o  be  reduced t o  a t e n t h  of t h e  
o r i g i n a l  va lue .  If t h e  curves  a r e  extended t o  t h e  1% l e v e l ,  
and i f  t h e  10% re s idence  t i m e  i s  doubled,  one aga in  observes  
t h a t  va lues  upstream a r e  overes t imated and va lues  down- 
s t ream a r e  underest imated.  S ince  t h e  f l u s h i n g  of m a t e r i a l  
from t h e  E l i z a b e t h  involves  two p roces ses ,  d i s p e r s i o n  and 
t i d a l  exchange, no s imple  measure of r e s idence  t ime w i l l  g i v e  
good p r e d i c t i o n s  when it i s  p ro j ec t ed  over a long t ime frame. 
The b e s t  d e f i n i t i o n  f o r  t h e  E l i z a b e t h  i s  t h e  1 0 %  r e s idence  
t ime,  s i n c e  t h i s  d e f i n i t e l y  reduces  t h e  t ime l a g  e f f e c t s  of 
d i s p e r s i o n  and s i n c e  an o r d e r  of magnitude r educ t ion  i s  
s u b s t a n t i a l .  Howeveri it should be  noted t h a t  t h e  r e s u l t s  
agree  i n  g e n e r a l  no m a t t e r  which d e f i n i t i o n  i s  used. 
The important  p o i n t s  t o  no te  a r e  t h a t  t h e  r e s idence  
t imes i n c r e a s e  r a p i d l y  a s  t h e  i n j e c t i o n  p o i n t  i s  moved u p r i v e r  
and t h a t  t h e  r e s idence  t i m e s  a r e  always q u i t e  l a r g e .  This  
means t h a t  a l a r g e  p o r t i o n  of t h e  carbonaceous biochemical  
oxygen demand (C-BOD) i s  exe r t ed  w i t h i n  t h e  system. For 
m a t e r i a l s  r e l e a s e d  a t  u p r i v e r  p o i n t s  it could w e l l  be  t h a t  
most of t h e  C-BOD and a s u b s t a n t i a l  p o r t i o n  of t h e  ni t rogenous 
BOD (N-BOD) a r e  e x e r t e d  be fo re  t h e  m a t e r i a l  l e aves  t h e  
E l i z a b e t h  River.  
hese  r e s u l t s  a r e  f o r  something approaching "worst  
case"  cond i t i ons ,  b u t  no t  extreme o r  unreasonable  cond i t i ons .  
Residence t imes w i l l  be  sma l l e r  when t h e r e  i s  g r e a t e r  runoff 
i n t o  t h e  t r i b u t a r i e s  and g r e a t e r  s t r a t i f i c a t i o n  i n  Hampton 
Roads. However, s i n c e  t i d a l  mixing i s  g r e a t  i n  t h e  E l i zabe th ,  
m a t e r i a l s  w i l l  tend t o  be  d i spe r sed  throughout t h e  system 
f o r  much of t h e  yea r .  
Bui ld-up 
The s tudy  of f l u s h i n g  r a t e s  and d ie -of f  provides  
informat ion on t h e  manner i n  which in s t an t aneous  o r  "batch"  
r e l e a s e s  w i l l  be d i s p e r s e d  and removed from t h e  system. 
Although t h i s  type  of r e l e a s e  occurs  f r e q u e n t l y ,  e s p e c i a l l y  
f o r  c e r t a i n  types  of i n d u s t r i a l  p roces ses ,  t h e  more common 
form of r e l e a s e  i s  t h e  cont inuous d i scha rge .  Municipal 
STP's, f o r  example, normally d i scha rge  cont inuous ly ,  a l though 
t h e r e  w i l l  be  d i u r n a l  and seasona l  v a r i a t i o n s  i n  t h e  q u a n t i t y  
and t h e  q u a l i t y  of t h e  waste  wate r  stream. For l a r g e  systems,  
t h e  hydrau l i c  c h a r a c t e r i s t i c s  of t h e  sewer system w i l l  tend 
t o  m i t i g a t e  t h e s e  v a r i a t i o n s .  For t h e  purposes of t h i s  
s tudy ,  we w i l l  assume t h a t  t h e  e f f l u e n t  s t reams from t h e  
Army Base and Lambert P o i n t  p l a n t s  a r e  cons t an t  i n  flow r a t e  
and water  c h a r a c t e r i s t i c s .  
From a t h e o r e t i c a l  p o i n t  of view, t h e  long t e r m  
build-up curves  can be g o t t e n  from t h e  d ie -of f  curves .  Each 
day t h e r e  w i l l  b e  a d i s t r i b u t i o n  due t o  t h a t  day% d i scha rge ,  
and t h e  amount of t h e  subs tance  i n j e c t e d  i n t o  t h e  system 
w i l l  b e  d i s p e r s e d  and f l u s h e d - o u t  of t h e  system a s  descr ibed  
i n  t h e  previous  s e c t i o n .  However, on each subsequent day,  
t h e r e  w i l l  b e  a d d i t i o n a l  d i s cha rges ,  Normally one uses  t h e  
assumption t h a t  t h e  e f f e c t s  can be  added i n  a l i n e a r  f a sh ion  
i n  o r d e r  t o  determine t h e  combined e f f e c t s .  I f  no o t h e r  
method were a v a i l a b l e ,  t h i s  would be  a s a t i s f a c t o r y  a l b e i t  
t i m e  consuming approach t o  t h e  problem. For t h i s  s tudy ,  t h e  
math model was used t o  s imu la t e  continuous d i scharge  i n t o  
segments 17 (Army B a s e )  and 15 (Lambert P o i n t ) .  The r e s u l t s  
of t h e s e  two runs  a r e  shown g r a p h i c a l l y  i n  F igu res  18,  19 
and 20 .  
I n  t h e  preceding s e c t i o n  it was noted t h a t  it 
t a k e s  s e v e r a l  days f o r  an e f f l u e n t  t o  d i s p e r s e  i n t o  t h e  
f a r t h e r  reaches  of t h e  r i v e r .  One can n o t e  i n  F igures  18 
& 19 t h a t  f o r  bo th  r e l e a s e  p o i n t s ,  t h e  concen t r a t i ons  i n  
segments 2 and 3 were more than two o r d e r s  of magnitude 
sma l l e r  t han  t h e  downstream concen t r a t i ons  even a f t e r  f i v e  
days. By t h e  10 th  day, t h e  e f f e c t s  were f e l t  throughout t h e  
r i v e r ,  and by t h e  20th day, t h e  system was beginning t o  
approach equ i l i b r ium l e v e l s .  The r e l e a s e  r a t e  was 10,000 
c f s  x mg/R o r  54,000 pounds p e r  day. The equ i l i b r ium 
concen t r a t i ons  f o r  t h e  r e l e a s e  from t h e  Army Base p l a n t  were 
i n  t h e  range 50 t o  100 mg/R f o r  most of t h e  r i v e r  and i n  
Segment Number 
Figure 18. Buildup of concentration distribution 
due to a continuous release to 
segment 17. 
Segment 15 n 1 Day 
(Lambert P o i n t )  : 2 
6.) 5 
Segment Number 
Figure 19. Buildup of concentration distributions 
due to a continuous release to 
Segment 15. 
t h e  range 1 0 0  t o  175 mg/R f o r  t h e  Lambert P o i n t  p l a n t ,  
I n  gene ra l ,  t h e  v a r i a t i o n  i n  concen t r a t i on  from reach  
t o  reach was s l i g h t  except  near  t h e  upstream o r  downstream 
A f t e r  a  c e r t a i n  pe r iod  of t i m e ,  t h e  system w i l l  
r each  equi l ib r ium;  t h a t  i s ,  t h e  amount l o s t  from t h e  system 
dur ing  a  day w i l l  j u s t  equa l  t h e  amount d i scharged  t o  t h e  
system, assuming t h a t  t h e  d i scha rge  r a t e  i s  cons t an t .  I n  
F igu re  2 0 ,  t h e  amount of m a t e r i a l  i n  t h e  system i s  p l o t t e d  
a s  a  func t ion  of t i m e .  One can no te  very  r a p i d  b u i l d  up 
i n  t h e  f i r s t  t e n  days ,  w i th  a  much more g radua l  i n c r e a s e  
t h e r e a f t e r .  A f t e r  a  pe r iod  of a month o r  more, t h e  equ i l -  
ibr ium l e v e l s  a r e  approached. Roughly seven t imes t h e  d a i l y  
l oad ing  from t h e  Lambert P o i n t  p l a n t  remains i n  t h e  system 
i n  c o n t r a s t  t o  only  f i v e  t imes t h e  d a i l y  load ing  from t h e  
Army Base p l a n t .  S ince  t h e  Lambert P o i n t  d i s cha rges  around 
20,000 pounds of BOD5 each day, it i s  obvious t h a t  a  l a r g e  
amount of oxygen demanding m a t e r i a l  remains w i th in  t h e  
E l i zabe th  River system under equi l ib r ium cond i t i ons .  The 
model runs  were made wi th  t h e  September 1973 hydrographic 
cond i t i ons .  For  p e r i o d s  when s t r a t i f i c a t i o n  i s  p r e s e n t ,  
f l u s h i n g  w i l l  be i nc reased  and t h e  equi l ib r ium l e v e l s  w i l l  
be reduced. 
BUILD-UP 
INPUT 10,000 units/day 
Days 
F igu re  2 0 .  Buildup of t h e  amount i n  t h e  system 
due t o  continuous r e l e a s e  t o  
segments 1 5  and 17. 
CHAPTER 4. WATER QUALITY I N  THE 
ELIZABETH RIVER SYSTEM 
The BOD l e v e l s  which have been measured i n  t h e  E l i zabe th  
River system a r e  q u i t e  low. Values g r e a t e r  than 5  mg/R 
p - - ~ ~ - - - ~ ~ ~ - ~ - - - - - - - p - - - - - - - -  
w e r e  normally found only a t  t h e  s u r f a c e  and near  t h e  STP 
o u t f a l l s .  On s e v e r a l  occas ions  most of  t h e  5-day BOD 
va lues  f o r  t h e  r i v e r  w e r e  on t h e  o r d e r  of 1 o r  2 mg/R. 
This i s  n o t  unreasonable  s i n c e  t h e  volume o f  wate r  a v a i l a b l e  
f o r  d i l u t i o n  i s  g r e a t .  I f  t h e  t o t a l  d a i l y  i n p u t  of BOD 
(50,000 l b s . )  were uniformly d i spe r sed  i n  t h e  mean low 
water  volume (176 x l o 6  m e t e r 3 ) ,  t h e  r e s u l t i n g  concent ra t ion  
would be  only  0.125 m g / ~ .  
Water temperatures  i n  t h e  E l i z a b e t h  vary g r e a t l y  
w i th  l o c a t i o n  and season.  The wate r  near  t h e  mouth tends  
t o  have temperatures  equa l  t o  t hose  found i n  Hampton 
Roads. For t h e  Southern Branch, however, wate r  temperatures  
a r e  normally s e v e r a l  degrees  h igher  due t o  t h e  thermal 
d i scharges  of  t h e  power p l a n t  l o c a t e d  t h e r e ,  During t h e  
summer, wate r  temperatures  i n  t h e  Southern Branch a r e  
o f t e n  above 250C and on a t  l e a s t  one occas ion ,  t h e  s u r f a c e  
temperatures  n e a r  t h e  I n t e r s t a t e  Highway Bridge w e r e  g r ea t -  
er than 320C, t h e  maximum va lue  on t h e  record ing  ins t rument .  
Despi te  t h e  low BOD l e v e l s ,  d i s so lved  oxygen l e v e l s  
dur ing  much of  t h e  y e a r  a r e  below water  q u a l i t y  s tandards .  
During 1 9 7 4 ,  DO concen t r a t i ons  below 4 mg/l were found on 
every s l a c k  wate r  run from A p r i l  on, The DO concen t r a t i ons  
f o r  low and h igh  wate r  s l a c k  dur ing  t h e  Army Base survey 
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a r e  shown i n  F igu res  2 1  and 22. One p o s s i b l e  explana t ion  
i s  t h a t  t h e  long r e s i d e n c e  t i m e  and t h e  high temperatures  
i n  combination cause  a l a r g e  p o r t i o n  of t h e  oxygen demand t o  
be  exe r t ed  i n  t h e  ~ l i z a b e t h  River system. Furthermore, it 
appear-s t h a t  t h e  reaera-t ion capaci ty-of  t h e  r i v e r  i s  l i m i t e d .  
Although t i d a l  mixing ( inc lud ing  wind and o t h e r  f a c t o r s )  i s  
g r e a t ,  t i d a l  c u r r e n t s  a r e  no t  s t r o n g .  The maximum c u r r e n t s  
dur ing  f lood  and ebb t i d e s  which a r e  p r e d i c t e d  f o r  average 
t i d e s  i n  t h e  T i d a l  Cur ren t  Tables  range from 0.3 t o  0.7 knots  
(0.15 t o  0.36 meters  p e r  second) f o r  t h e  e n t i r e  r i v e r ,  wi th  
t h e  except ion of ebb t i d e  nea r  Craney I s l a n d .  Consequently 
n a t u r a l  r e a e r a t i o n  i s  n o t  g r e a t .  Furthermore,  i n  some reaches  
t h e  average depths  a r e  l a r g e  s i n c e  most of t h e  c ros s - sec t ion  
i s  included i n  dredged channels  and b e r t h i n g  a r e a s .  For 
t h e s e  reaches ,  t h e  a v a i l a b l e  oxygen must be  d i spe r sed  through 
a r a t h e r  deep water  column, f u r t h e r  l i m i t i n g  t h e  ambient DO 
l e v e l s .  I n  f a c t ,  t h e  reach  of t h e  r i v e r  near  t h e  Portsmouth 
Naval Shipyards,  which has an average dep th  of about  1 0  meters, 
c o n s i s t e n t l y  shows up i n  bo th  s l a c k  water  runs  and i n  t h e  
mathematical  model p r e d i c t i o n s  a s  an a r e a  w i th  very  low DO 
concent ra t ions .  A s  noted i n  t h e  fo l lowing  s e c t i o n ,  t h e  
observed l e v e l s  of ch lo rophy l l  "a"  were no t  h igh,  s o  t h a t  t h e  
r e s u l t s  of t h i s  s tudy do n o t  show a l g a l  blooms t o  be a major 
f a c t o r  i n  t h e  substandard DO l e v e l s .  No a l g a l  blooms were 
noted dur ing  t h e  course  of t h i s  s tudy .  
Water samples a l s o  w e r e  c o l l e c t e d  and analyzed 
f o r  ch lo rophy l l  " a " ,  once dur ing t h e  summer of 1974. The 
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A2 B 1  C 2  C 3  
S ta t ions  
F igures  2 1  and 2 2 .  Dissolved oxygen p r o f i l e s  f o r  
h igh and low water  s l a c k s .  
l e v e l  of ch lo rophy l l  " a "  a t  t h e  Deep Creek locks  was 3.1 
pg/R (micrograms pe r  l i t e r ) .  Values f o r  t h e  Southern Branch 
and t h e  E l i z a b e t h  were i n  t h e  range 1 0 . 0  t o  12.5 vg/R. A 
sample from t h e  La faye t t e  River had t h e  h i g h e s t  read ing  of  
32.7 pg/R. One i n t e r p r e t a t i o n  of t h e s e  f i g u r e s  i s  t h a t  
ch lo rophy l l  l e v e l s  i n  t h e  water  coming from t h e  Dismal Swamp 
a r e  low. Due t o  d i s p e r s i o n ,  t h e  l e v e l s  i n  t h e  Southern Branch 
and main stem of t h e  E l i z a b e t h  a r e  r a t h e r  uniform and h ighe r ,  
b u t  c e r t a i n l y  w e l l  below t h e  l e v e l s  recommended by EPA f o r  
t h e  Potomac Estuary.  The l e v e l s  i n  t h e  La faye t t e  River a r e  
h igh  probably because t h e  t i d a l  c u r r e n t s  a r e  weak (a l lowing 
plankton t o  remain near  t h e  s u r f a c e )  and t h e  wate r  i s  shal low 
( p l a c i n g  most o f  t h e  w a t e r  i n  t h e  p h o t i c  zone) .  
Benthic  surveys  (Boesch, 1971 and Richardson, 1971) 
showed t h a t  t h e  E l i zabe th  River was p o l l u t e d  r e l a t i v e  t o  
Hampton Roads and t h e  Chesapeake Bay reg ions .  S ince  no gen- 
e r a l l y  accepted measures of t h e  environmental  e f f e c t s  e x i s t ,  
it is  n o t  p o s s i b l e  t o  q u a n t i f y  t h e s e  d i f f e r e n c e s  a t  t h i s  t ime.  
The summaries from t h e s e  surveys  a r e  inc luded  i n  Appendix C. 
Analyses of  sediment samples taken from t h e  E l i za -  
b e t h  River Channel (VIMS, 1972) showed high l e v e l s  of bo th  
n u t r i e n t s  and heavy me ta l s ,  a s  can be  seen i n  F igu res  23 and 
2 4 .  A v a r i e t y  of i n p u t s  come from urban r u n o f f ,  sh ipbu i ld ing  
a c t i v i t i e s ,  i n d u s t r y ,  domestic sewage t rea tment  p l a n t s  and 
s o  on. A t  p r e s e n t  t h e  d a t a  a r e  i n s u f f i c i e n t  t o  p inpo in t  t h e  
major c o n t r i b u t o r s  of t h e  v a r i o u s  c o n s t i t u e n t s .  One can no te  
h igh  peak concen t r a t i ons  f o r  a few elements ,  e . g ,  l e ad  a t  about  
r i v e r  mi l e  1 0 ,  which would appear t o  i n d i c a t e  a  p o i n t  
source .  I n  g e n e r a l  however, t h e  l e v e l s  a r e  r a t h e r  uniform, 
suppor t ing  t h e  conc lus ion  of s t rong  t i d a l  d i s p e r s i o n .  
MILES FROM MOUTH 
F igu re  23a. Heavy meta l  concen t r a t ions  i n  sediments,  
(From VIMS, 19 7 2 )  . 

Figure  24. Nut r i en t  concen t r a t i ons  i n  sediments.  
(From VIMS,  1 9 7 2 ) .  
CHAPTER 5. SUMMARY 
Water q u a l i t y  i n  t h e  E l i z a b e t h  River system i s  
c o n t r o l l e d  p r i m a r i l y  by p h y s i c a l  f a c t o r s .  During some 
pe r iods  of  t h e  y e a r ,  t h e r e  i s  s t r o n g  s t r a t i f i c a t i o n  i n  
Hampton Roads which causes  s i m i l a r  s t r a t i f i c a t i o n  i n  t h e  
E l i zabe th .  During t h e s e  pe r iods ,  a  non- t ida l  c i r c u l a t i o n  
w i l l  be  s e t  up by t h e  d e n s i t y  g r a d i e n t s  and f l u s h i n g  w i l l  be  
enhanced. Thus one can a n t i c i p a t e  r e l a t i v e l y  h igh  q u a l i t y  
water when s t r a t i f i c a t i o n  i s  p r e s e n t  and s t r o n g .  On t h e  
o t h e r  hand, t i d a l  mixing i n  t h e  E l i zabe th  i s  g r e a t  and t h i s  
p rocess  t ends  t o  break down t h e  s t r a t i f i c a t i o n .  When f resh-  
wate r  flows i n  t h e  James and t h e  E l i zabe th  a r e  low, completely 
mixed o r  homogeneous cond i t i ons  can occur  and have occurred 
i n  t h e  E l i zabe th .  During t h e s e  pe r iods  t h e r e  w i l l  no non- 
t i d a l  c i r c u l a t i o n  and t h e  exchange of water  wi th  Hampton 
Roads w i l l  b e  due t o  t h e  t i d a l  excurs ion  a lone .  The r e s idence  
t ime i s  on t h e  o r d e r  of  weeks f o r  t h e s e  cond i t i ons .  
The E l i zabe th  r e c e i v e s  t h e  waste  p roduc ts  of t h e  
Norfolk met ropol i t an  r eg ion ,  i nc lud ing  waste  h e a t  and domestic 
sewage. When f l u s h i n g  i s  s m a l l  and ambient temperatures  a r e  
h igh ,  a  l a r g e  p o r t i o n  of t h e  oxygen demand a s s o c i a t e d  wi th  
t h e  STP e f f l u e n t s  can be  exe r t ed  wi th in  t h e  r i v e r  system, 
F i e l d  measurements dur ing  t h e  p a s t  few y e a r s  have shown t h a t  
t h e  c u r r e n t  wate r  q u a l i t y  s t a n d a r d s f o r  d i s so lved  oxygen 
a r e  v i o l a t e d  s e v e r a l  months of t h e  yea r .  Daily averages 
a r e  below 5 mg/R of  DO f o r  s e v e r a l  m i l e s  of t h e  r i v e r  and 
a  few reaches  exper ience  D O ' S  w e l l  below t h e  4 mg/R 
minimum. F lush ing  i s  weak du r ing  pe r iods  when t h e  water  
column i s  homogeneous, and n a t u r a l  r e a e r a t i o n  is  l i m i t e d  
due t o  weak t i d a l  c u r r e n t s ,  s o  t h a t  t h e  a s s i m i l a t i o n  
capac i ty  of t h e  r i v e r  is n o t  g r e a t .  S ince  c o n t r o l  of 
f l u s h i n g  i s  n o t  f e a s i b l e ,  it would appear t h a t  t h e  only  
remaining method t o  m e e t  wa te r  q u a l i t y  s t anda rds  i s  t o  
reduce t h e  w a s t e  load ings  t o  t h e  r i v e r .  
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F i g u r e  A-1. A v e r a g e  m o n t h l y  f l o w  f r o m  t h e  D i s m a l  
Swamp C a n a l  t o  t h e  Southern  B r a n c h ,  
E l i z a b e t h  R i v e r .  
Table A-2. 1 9 7 3  a n d 1 9 7 4  - M o n t h l y  f l o w s  f r o m  
t h e  D i s m a l  Swamp and t o  t h e  Southern 
B r a n c h ,  E l i z a b e t h  R i v e r .  
F igu re  A-3. F l o w  r a t e  a t  R i c h m o n d ,  J a m e s  R i v e r .  
a )  A p r i l  and May 1 9 7 4  
b)  June and J u l y  1 9 7 4  
c) A u g u s t  and S e p t e m b e r  1 9 7 4  
T a b l e  A-4. C l i m a t o l o g i c a l  C o n d i t i o n s ,  N o r f o l k  
R e g i o n a l  A i r p o r t ,  1 9 7 4 .  
a )  A p r i l  
b) M a y  
c )  June 
d )  J u l y  
e )  A u g u s t  
f )  September 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 
Table A-2. Flow from the Dismal Swamp Canal to the Southern 
Branch, Elizabeth River, in Million Gallons 
Lock Spillway 
1974 Average 1955-73 
Lock Spillway Lock Spillway 
Yearly Average 119.3 2309 
Yearly Average Total Flow = 2328 
U 
I I 1 I 1 1 I 
-4 1'0 2'0 30 10 20 30 10 20 30 
A 
5 April May June 
U 
t I 1 
10 20 30 10 20 30 10 20 30 
July Aug . Sept . 
Figure A-3. Flow rate at Richmond, James River, 1974. 
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A p p e n d i x  B. D a t a  on S e w a g e  T r e a t m e n t  P l a n t s  D i s c h a r g i n g  
t o  t h e  E l i z a b e t h  R i v e r  S y s t e m  
T a b l e  B-2. BOD C o n c e n t r a t i o n s  
T a b l e  B-3. BOD L o a d s  
T a b l e  B-4. Suspended S o l i d s  C o n c e n t r a t i o n s  

+' 
a, rd 
r i k  
4 2 z 
U 
a 
a, 
[I) 
T a b l e  B-3 
Army B a s e  (HRSD) 
L a m b e r t  P o i n t  (HRSD) 
Western B r a n c h  (HRSD) 
P i n n e r  P o i n t  
( C i t y  of P o r t s m o u t h )  
Deep C r e e k  (HRSD) 
W a s h i n g t o n  (HRSD) 
G r e a t  B r i d g e  (HRSD) 
BOD L o a d  i n  Pounds/Day 
C e r t i f i e d  A v e r a g e  (1973)  Mon t 
1 2 , 8 4 5  1 2 , 6 0 0  11 I 
2 3 , 3 5 0  2 3 , 5 0 0  2 1  1 
2 , 3 3 5  1 , 8 8 0  1 I
11y Range ( 1 9 7 3 )  
200 - 1 3 , 8 0 0  
* B a s e d  on J u l y ,  A u g u s t ,  November & December data only. 
T a b l e  B-4 
Army B a s e  (HRSD) 
L a m b e r t  P o i n t  (HRSD) 
Western B r a n c h  (HRSD) 
P i n n e r  P o i n t  
( C i t y  of P o r t s m o u t h )  
D e e p  C r e e k  (HRSD) 
Washington (HRSD) 
G r e a t  B r i d g e  (HRSD) 
Suspended So l ids  C o n c e n t r a t i o n  i n  p g / Q  
C e r t i f i e d  A v e r a g e  ( 1 9 7 3 )  
1 0 0  6 6  
1 0 0  7 1  
1 0 0  74 
Monthly R a n g e  ( 1 9 7 3 )  
6 0  - 7 7  
6 0  - 82  
5 4  - 1 0 0  
* B a s e d  on N o v e m b e r  and D e c e m b e r  data only .  
A p p e n d i x  C - B i o l o g i c a l  Surveys 
C-1. M a s t e r ' s  T h e s i s ,  Michael D. R i c h a r d s o n ,  1 9 7 1  
F igu re  C-1-a.  T i t l e  P a g e  
F i g u r e  C-1-b. A b s t r a c t  
F igure  C-1-c. S a m p l i n g  S t a t i o n  L o c a t i o n  
Figure  C-1-d. S u m m a r y  
C-2. VIMS - SRAMSOE N o ,  1 5  - D o n a l d  E o e s c h  
F igu re  C-2-a. T i t l e  P a g e  
F i g u r e  C-2-b. S a m p l i n g  S t a t i o n  L o c a t i o n  
F i g u r e  C-2-c. S u m m a r y  
BENTHIC E%CROIFvTRTEB=S CGVZ,'YCTIES AS 
IITDICATOES OF P3LLUTIOTi IN TE5 ZLIZABEZ-I- 
R m ,  IiAb?TON ROk,3S, VIFGIIJU 
A Thesis 
Presented t o  
The Faculty of t he  School of Karine Science 
The College of William a ~ d  Kar; i n  Virginia 
In F a d i a l  Fiilftllmer-= 
Of the  Requirezents fcr tke Zegree of 
Easter  of S r t s  
The macrobenthos of t h e  Elizabeth F.il:er, Fazipton Roads, Virginia, 
was s a i l e d  t o  def ice  com'i:nity str-dcture and t o  determine poss ib le  
a l t e r a t i o n  of t h i s  cornunity because of pcllution.  T'ne samples were 
doxtnated by polluticr; tole ran'^ organisrs w5de geographic ranges. 
These organisms a r e  r a r e ly  dominant i n  oC,Fer com.~rmities, except under 
s t r e s s  conditions. 
Ken-selective d e ~ o s i t  feeders $;ere f c ~ d  i n  10iq x1w3bers because 
of t k e  l ack  of oxygeil and i3igh co~~centra t io l?  of hydrogen s u l f i d e  found 
i n  deposits  below 1 Suspensioll feedezs and se lec t ive  deposit  
feeders  were favored kecause of t he  good supply cf wel l  aerated 
d e ' t r i t a l  material  on the  sediJnent s ~ ~ x f a e e  and trzpped i n  abundant 
oyster  s h e l l s ,  
The mean H t  d ivers i ty  -value (2.96 birs/indiv. ) was as  high a s  
t h a t  i n  some unpolluted areas, b e c x s e  p o l k ~ ~ t  ion to le ran t  species  
maimained high equ i tab i l i ty  values. Species r l c h e s s  ~ m s  reduced, 
The benkhos was ~ o s t  affected. by p o l k t i o n  i n  tk'iay. Divers i ty  and 
species richness valces were reduce2 and ~::e r a t i o  of po l lu t ion  
t o l e r a n t  t o  non-yol3ition toleranz organisrs increased. 

1. Ib:acrobenthos i n  the  Elizabeth River, l i q t o n  Roads, Virginia, 
were szmpled t o  define community s t ruc ture  and t o  determine tlie e f f ec t s  
of pollrrkio:~ on co~mw:ity stzuc-hre. %~elve  s t a t l ens  were saxpled by 
grabs d.;lr.irg three  s q l i n g  periods i n  1969. 
ghty-seven grabs yielded 22,404 indiv',du?d-s divided among 
122 i d e ~ l t i f i a b l e  taxa. Of these, 76.4% were polj-ckaetes, 15.35 
mollusks, 3.4; cmstacears,  and 4.9% other  taxa. 
3. The samples had a m a n  density of 3,803 individuals/ni2. 
D e n ~ l f y  IZ"U:: higher zC, s t a t i o x  located on dead oj-ster reefs, becacse of 
t h e  iwrezsed  zva i l ab i l i t y  of oxygenated d e t r i t a l  n a t e r i a l  and t h e  
preseLce of a subst ra te  f o r  attachment, 
k .  The sitzples were domizlated by TJereis 
- -  
x ~ t e r o ~ n i a ~ t x ~  
ocv2: *--;s . 22.l?2? 13 
____l- 
FZ-?~ - - 7 -  -,- -c7,= 
- G..- Lb - - -& --c ri:x:z-:s, an6 Sa7=ellayLa n i lga r i s .  " e s e  orgal5 slLs a re  
aU pollv.tion to lerant ,  have wide geogrzphic dis%ributio?s, and a r e  not 
usual ly  dorL~ant  i n  other coituunAties i n  Chesapezke Pay or i n  other 
e s t ~ ~ r i n e  acd coasta l  areas.  
5. Samples taken from the  sax s t a t i o n  were homogeneous (69.3% i n  
CGT-~:~) kut there  x:es heterogeceiL:; 'cetweer. stat: r r s  (3:. 5: i n  common). 
!Cost s p e ~ i e s  had a rendon: distrS'c~:iori t ~ i t h i r :  s r a i c n s  azd a c o ~ t a g i o c s  
,J; 9C-.: F..': 
,Y,:,,,L,,_~c 2,nl~l-g stiiziors, i n ~ c c ~ i , : ; ~  Zl;a",rz_sr s ~ e s i e s  were found i n  
a g r e g s t e s  l a rge r  than t he  s tz t iozs .  
7 6  
6 ,  The r a t i o  of p o l l u t i ~ n  ~ o ~ e ~ - a ~ i ~  or~ti:rist!LS "; int0Perant Ones 
rras 7.05 Nay had t he  highest r a t i o  (13 .jl) folloure9 by January (4.89) 
and A'i:gus t (2.46). 
7. The Dean 11' divers i ty  f o r  tke  Elizai-eth Ri re r  was 2*96  
bits/ individual .  May had the  lowest m a n  divers i ty  (2,45) followed by 
January (3.23) and A w t  (3.24). Because of t h e  ray pol lu t ion  
to le ran t  species encounteyed i n  this s t ~ d y ,  diversiLy ~ m s  as  high as  
i n  scxe unpolluted te lqera te  areas.  
8, Non-selective deposit feeders were reduced because of t h e  
l ack  of O2 and bdgh concentrations of -+S fo's-d i n  bottom deposits  
be low1 cm, Suspension feeders and se lec t ive  deposit feeders were 
favored because of the  goo3 supply of ~ i e 1 1  aerated de t r i t u s  i n  
suspension and deposited on t he  subst ra te .  
- V  ,,,c spr :i ec r ic i l i i~s  9,  H t  a 4 ~ ~ e r s i t y  l a s  ~ c r e  dep::2ezt o:: 
coc~onent  than on t he  equ i t cb i l i t y  ccrcpone~:%. 
DISTRIBIITIOTS AfJD STRUCTURE OF BEIECHIC C012.:IL'iITIES 
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A Technical Ecological Report  
too the  
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c r i t e r i o n  d 225 r 3 - t  ~ 2 . e  illto ~ecsuaa t  d i s e r e p n z i  Q: in s~rrrpl ing 
procedures artd disr~gards n a t u r a l  variations in r l  ecies d i v e r s i t i e s .  
U_~pnrt,-n-.bc? conz~mitiss unil?rgoing ir.terr.al in;taSjf lit>?, such 
as ti12 p 3 p E - 3 T  2a*1 '*.CX~%GS~.~~S" sf I l ta l in ia  ey-id F: , -r l~sa rLzntioncd 
earl i f? ,  an5 t?;oze I 2  ~natrnr;L.ly rigoro'ils enviro:-.r.=nts v:l-,ic22 
exl~iislt lci;.~ d i v c r ~ i l i y  rrtust kc "cakcn i n t o  considea-ztioz, The= 
KIT~~I-(S LO ~ ~ 5 c t d t r ; l k :  f o r  final subjective apprarlsa2. ef objectively 
e r derivcc? 1x1 sr;rtai-ion. 
1. T!-E mcrobsnthos of the M ~ ~ ~ p t o r ,  Roads area W E S  surveyed 
i n  an attcr.-$z to 2n-q7p7- &., -e tl-.c struztuate sf thts Irpo-&~r,? csrirj?onent 
sf a rxlti-zse estuzrine ecosysten. Sixteen s t a t f m s  w y e  estab-  
Pished tr^t Fsz.pton Rosds, the P m e r  Jcs?s River, ai-d the  Elizabeth 
9-".---- 
- , .Lv~ L a;?d L"--- czrrLce replicate gr:b sat-sles \:ere :&ken at. ~ a c h  s t a t i o n  
in F e b r t ~ ~ r y  $ f-!ay an3 .?ugus"i7 1P59. Sediment sarples were esXccted 
st- eacli s t a t5on  and &:?3lyzcd fop p a r z i z 9 ~  sTze d5str ikrat ion.  
2. O:-*e h~ndrc5sevz-.q?- five ~ ~ c ~ o f  axnal  tcxa : S P R ~  recogn ?zed 
e " En t1.e LZ-->-., - " r - c ,  - 16.4 :C ;.:k!:;.2 ::1"1~2 52;- -?Sf ic3 t3 the, s p z i e s  level, 
< q ~ 1 . - 4 2  L .  o l y z l - - - -  tLbie, 23 ;cstropcx2, 22 c ~ p ~ i p d ,  ~ n d  18 bivalve 
s ~ c z i c i - .  
C'.- :.:- kzsEs of C30:.2*:3:.~ 5,. A 5 " ~ : ,  t k e  s+-atio?s were 
. * ,  - 
-9~v-::, f : ' f ~ s :  ,-.:%-c :?:--. - -o"i r? :-:?s :r - 2:- - :>-~zs;az-i?d to diificrk?$:~,cez 
a - 
eharactcri,:cd l-37 the p r .  sence of- C~;:as! .; -LT s I-o-:-;rp r . ,  T.- ; 2l isza 
verri3.l i are-: - cj-i F T ~ :  ,~h-iilt? ar,2 s fey l c  ss  a5~r1 '3~r i t  "saild- 
s pecif ie" spccics . "Elizabeth River stat ial-i s1\ie 1-2 cl~~racterized 
by the prrs<ncc of aronaria and the  grcat  a b u n d a r , ~ ~  of c e i - a i n  
4. A rank analysis y i e l d ~ d  b i s l o g i c a l  index vaLzs f o r  each 
species within each s t a t i on  gro-~2. Ti-in, chree top- rank2 2~;r.il-rani-s 
- -< 0 ,  5 p - i ~  - + ~ : s ~ " e y l s  and S p i s 2 h 2 n c s  fo-s ~ u d  stati m s  , F s z - 2 ~ ~ i c ~ i t o ~  L _. 
and P izo~onfs  crzhitec-ca; and for LLiz;7br-th Eive-s statir,p.s, *, - 
? " Nereis and H~ter~a3s-k~~. Seasel-a1 p e T i d i c i t y  or d o ~ 5 r a ~ t  species 
was noticea3Pe amo:?g sznd s~atio~s, ::!2~.r?e S p d ~ ~ ' i ? ~ . ; l ? c s  L : - .~~szsed ip, 
abundance %TOY lo:.) p c p u l ~ t f a n  S_e\;sIz ?w: T e 3 i l . u ~ ~ p  arc7 !.:~;p tc very 
- .  high lE?veh  LV R ~ i j u z - e ,  2nd amor;.g ? . l i : : ' r~yh  ~1172y s t s , t f -nz ,  o;here 
among the doatinant species Icl:o.e;n fro3 these c t l~eu ;Ircas. f o r  
example, inc<sa,  which i s  a comqunity dozinant i n  much 
of t he  Chesapeake Eay system was r a t h e r  rart? i n  Harnpton Roads. 
6. The s t r uc tu r e  of the c o ~ ~ ~ a n i t i e s  was inves t iga ted  by 
rneasvririg spccies diversity by Shar~non's f s r r u l a  ( :It  ) err_? i t s  
comp:~ci-its, spec ie s  ricl-mcss and ecy~i"i-abilizy. H' v:as rri3.cl1 grcatcpr 
amaq the sand s t s t i o n s  tl-tan anon3 the  n;ad st:ti~.;s arid g-re~t-ex- 
among t h e  E:J~ s t a t i o a s  t l ~ a n  crn3ng Elizabeth Kivea  - qi----- aiLo:-is. TFLe 
d i " '  L ~ ~ T S K C E S  i n  species d i v e r s i t y  G;r;mg the "i:,rzc s t a t i o n  groups 
was p r i z z r i l y  a t t r i b u t a b l e  t o  differoirces I n  ,he species r iclmess 
cornpon2nt, a s  d i f fe rences  i n  t he  e q u i t a b i l i t y  comgsnent were s l i g h t .  I 
However, both r i ck r e s s  and e q u i t a b i l i t y  co;r,3onents can account fo r  
sezco!:sl lif-i"cr.r.nzes i n  13' w i t h i n  sL-;bt i o n  gro;lgb. 
7'. A s  an index of species divei ls i ty,  H' was s'rro;*~;lr~ to be 
independent of sample s i z e  and sens i t ive  t o  both s p c i e s  richness 
and e q u i t a b i l i t y  coxponents. 
8. H t  values were ron2areri  v ~ i t l ~  th3se Far r~-roh,cnthos  
fro3 cil-ier loza t ions  in the  Vi-rcriyia area and fro3 ~tl-ier 1ocatio:ls 
as szr??- ted in tllc i i t e - r 2 t ~ r e ,  T1-2 v a h e s  f-OF B z y t z n  R x d s ,  
espczial1;i 2 b s e  f o r  t l : c  ~,:;r~d s tc l t i~ : ; .~ ,  were qx i t e  high, excszdec? 
only by t?-.ozp. fro:? t?,e o3tscF ccn~-S;.,c.l:t~l s?leli- ar,d s l o p  and 
PaciCF- c32st&l  r,o;ters. I I '  v37Ufs POT ~il~ily poll7ij-=id ayeas in 
t]~.? 3j ~ : ~ k ~ t ~ j  Ei\'.c r :<I-: n.; ::?rally 7 ;;:cT .;llk3n t h r ~ s s  .fox. ~ r - ~ p l l 7 - h c - "  1pL. - L . . . - L  
- 
. . 
. : - + - ? - -  - * :  - 
~ y 2 . k ~ ~ .  : -:: -.- i . . 4 a b  .-.- - i r  a 7- ;CL:.ST?; Tb3TS S S - ~ S C ~ I '  l2lJ-Y- 
2 - - - - >  - 
s y s t r  r; s . 
9. The eontbscd use of be:t"ikic orga~iszs as b i o l q i c a l  
indicators of pollution was recomended, but the aczeptance of 
certain "indizator zpeciesfl or of comXiity structure indices 
as water quality ' 'criteria" without subjective eealo2ical in ter -  
pretation was cauticncd against. 
I wish t o  ackZ.cwlcdgc the fifics.n,ial s u p ~ o ~ t  cf t l i ~  3arr.~te;-! 
R O ~ S  z n i t a t i o n  Dis t r i c t  C o m ~ . i s s i c n  d;icl-i s p m s  orrd the  s tudy.  
Assistance from the Federal Water t$~s-lity Ldninistrzt ion i n  the 
form of a predoetoral fe l la l sh ip  provided suppa& dxr ing  the 
preparation of the paper. 
D ~ c .  IIz~vi~iil L. ~'!ZSS !.::arriz L. Crcl;~.sr dirzcced the s tudy  
aided i n  Pogistics, and gave frsely of inforr.3tion ar3 advice. 
Michael D. Richards ~a provided in2 5s;ensable f ie ld  assistance. 
My t h o a ~ h t s  regardir? species diversity have benefited from 
discussions with rcy zsllezgues , espszially Jams  K, Lcmry and 
Michael L. Fine. - 
Appendix D.  Data from Water Q u a l i t y  Surveys and Dye 
S t u d i e s  
F i g u r e  D-1 .  Temperature 
F i g u r e  D-2. Disso lved  Oxygen 
F igu re  D-3. S a l i n i t y  
F igu re  D-4. Dye 
f o r  
a)  LWS, August 27, 1974 
b)  HWS, August 27, 1974 
c) LlgS, August 28, 1974 
d )  HWS, August 28, 1974 
F i g u r e  D-5. Biochemical Oxygen Demand, 
f o r  HWS, August 28, 1974. 
F igu re  D-6. Dye, Lambert P o i n t  Study 
a )  Ebb, September 20, 1973 
b) Flood,  September 2 1 ,  1973 
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~ppendix E. Elizabeth River Model 
Section 1. Description 
Section 2. September 1973 Conditions 
Section 3. Model Calibration 
Section 4. Model Runs 
Section 5. Conclusions 
- ELIZABETH RIVER MODEL 
1. Description 
VIMS' currently available (May 1975) mathematical 
model of the Elizabeth River is a one-dimensional, branched, 
tidal average, water quality model. The Elizabeth and the 
Southern Branch are considered to be the main stem of the 
river, with the Lafayette River, Eastern and Western Branches 
included as tributaries. The main stem has 17 segments or 
reaches and each tributary has three reaches. The most up- 
river transect is near Great Bridge and the most downriver 
transect is at the northern edge of Craney Island. The model 
can predict concentrations of conservative substances 
(salinity and dye have been verified to date), non-conservative 
substances with linear decay rates, and the coupled Dissolved 
Oxygen/BiochemicaP Oxygen Demand system. A more complete 
report will be issued shortly. 
Mass balance equations for each constituent are 
written in their complete three-dimensional form. These 
equations are first averaged over a cross-section and then 
over a complete tidal cycle. The resulting equations are 
then written in finite difference form and applied to the 
given geometry. Tidal currents, dispersion coefficients and 
temperature levels are inputs to the model. The DO/BOD 
regime includes point sources, runoff, background levels, 
benthal oxygen demand, photosynthesis and respiration, and 
natural reaeration. The BOD is separated into carbonaceous 
and ni t rogenous f r a c t i o n s  and each f r a c t i o n  has a  temperature  
dependent decay r a t e ,  which must be s p e c i f i e d  a s  a  p a r t  of  
t h e  model i n p u t .  Once t h e  model has  been a p p l i e d  t o  t h e  
geometry of  t h e  r i v e r ,  a  c a l i b r a t i o n  process  i s  used t o  
a d j u s t  t h e  d i s p e r s i o n  c o e f f i c i e n t s  i n  o r d e r  t o  ach ieve  t h e  
proper  d i s t r i b u t i o n  of  a  conse rva t ive  subs tance .  A f t e r  
c a l i b r a t i o n  is  complete, t h e  model can be v e r i f i e d  wi th  
ano the r  conse rva t ive  subs t ance ,  s i n c e  d a t a  f o r  bo th  s a l i n i t y  
and dye a r e  a v a i l a b l e .  I f  good d a t a  w e r e  a v a i l a b l e  t o  
q u a n t i f y  a l l  t h e  sources  of  BOD wi th  reasonable  accuracy,  
t hen  t h e  DO/BOD regime would provide a  second means o f  
v e r i f i c a t i o n .  However, r u n o f f ,  background l e v e l s  and o t h e r  
f a c t o r s  a r e  poor ly  known a t  p r e s e n t ,  s o  t h a t  t h e  i n t e n s i v e  
survey d a t a  f o r  DO and BOD a r e  used t o  e s t i m a t e  t h e s e  f a c t o r s  
and s l a c k  wate r  d a t a  a r e  used f o r  v e r i f i c a t i o n .  I n p u t  
parameters  which w i l l  normally remain cons t an t  f o r  t h e  r i v e r  
a r e  : 
t i d a l  c u r r e n t s  
geomet r ica l  in format ion  ( s u r f a c e  a r e a ,  dep ths ,  
c r o s s - s e c t i o n a l  a r e a s )  
I n p u t  parameters which must be  v a r i e d  f o r  each p a r t i c u l a r  
run a r e :  
temperature  
p o i n t  sources  & runoff  
f reshwater  d i s cha rge  & d i s p e r s i o n  c o e f f i c i e n t s  
b i o l o g i c a l  f a c t o r s  (ben tha l  O D ,  pho tosynthes i s  
& r e s p i r a t i o n ,  k - r a t e s ,  background l e v e l s )  
i n i t i a l  wate r  q u a l i t y  cond i t i ons  
boundary cond i t i ons  ( 4  u p r i v e r  boundaries and 
Hampton Roads) 
Model ou tpu t  w i l l  i n c l u d e  t h e  concen t r a t i on  of a l l  wate r  
q u a l i t y  c o n s t i t u e n t s  f o r  each segment on each day d e s i r e d  
dur ing t h e  pe r iod  under i n v e s t i g a t i o n .  I n  gene ra l ,  economic 
f a c t o r s  p rov ide  t h e  primary l i m i t a t i o n  on t h e  l eng th  of t h e  
pe r iod  being modeled. 
2. Examples of  Program Inpu t s  and Outputs 
I n  o r d e r  t o  i l l u s t r a t e  t h e  t ype  of  d a t a  which a r e  
r equ i r ed  and t h e  format i n  which they a r e  submit ted,  t h e  
p r i n t o u t  from an a r b i t r a r i l y  chosen model run  w i l l  be pre-  
sen ted .  The e x a c t  cond i t i ons  f o r  which t h e  d a t a  a r e  t h e  
numerical  r e p r e s e n t a t i o n  a r e  desc r ibed  i n  t h e  t e x t  preceding 
each t a b l e .  A s  mentioned prev ious ly ,  some d a t a  remain cons t an t  
f o r  most runs  whi le  o t h e r s  must be  changed nea r ly  every run.  
The d a t a  p resen ted  w i l l  b e  a p p l i c a b l e  only  t o  t hose  cond i t i ons  
descr ibed  i n  t h e  t e x t .  
During t h e  September 1973 i n t e n s i v e  survey wate r  
temperatures were r a t h e r  h igh  ( d a i l y  averages  ranging from 2 4  
t o  29 degrees  C e n t i g r a d e ) ,  d i s so lved  oxygen l e v e l s  w e r e  i n  
v i o l a t i o n  of  water  q u a l i t y  s t anda rds ,  t h e  c e n t r a l  p o r t i o n  of 
t h e  r i v e r  was e s s e n t i a l l y  homogeneous and f l u s h i n g  appeared 
t o  be very weak. Subsequent surveys  and d a t a  a n a l y s i s  have 
i n d i c a t e d  t h a t  t h e s e  cond i t i ons  r e p r e s e n t  t h e  "worst  ca se  
condi t ions"  which can be expected t o  occur  dur ing  a  t y p i c a l  
yea r .  S ince  t h e  September 1973 cond i t i ons  were c r i t i c a l  
ones and s i n c e  f i e l d  d a t a  o t h e r  than  those  c o l l e c t e d  by VIMS 
a r e  n o t  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  most model runs were 
made us ing  t h e  September 1973 cond i t i ons .  
Geometric Data 
Cross -sec t iona l  a r e a  and d i s t a n c e  from Sewe l l ' s  
P o i n t  f o r  each t r a n s e c t  a r e  given i n  Table  1. Also given 
i n  t h e  same t a b l e  a r e  t h e  volume and s u r f a c e  a r e a  f o r  each 
reach o r  segment. These va lues  w i l l  remain c o n s t a n t ,  un l e s s  
a  new segmentation i s  used o r  u n t i l  dredging o r  o t h e r  eng- 
i n e e r i n g  p r o j e c t s  modify t h e  bottom topography, 
Cur ren t  Speeds 
The f reshwater  d i s cha rge  and t h e  t i d a l  v e l o c i t y  f o r  
each t r a n s e c t  are given i n  Table 2A. The f r e shwa te r  d i scharge  
determines t h e  advec t ive  flow and t h e  t i d a l  v e l o c i t i e s  a r e  
used t o  c a l c u l a t e  d i s p e r s i o n  c o e f f i c i e n t s ,  The weight ing 
f a c t o r s  a r e  used i n  t h e  numerical  methods which t ransform 
t h e  d i f f e r e n t i a l  equa t ions  t o  f i n i t e  d i f f e r e n c e  form. The 
f reshwater  d i scharges  l i s t e d  i n  Table 2 a r e  f o r  September 1973. 
The t i d a l  c u r r e n t s  were c a l c u l a t e d  from t i d a l  prisms and w i l l  
be  cons t an t  f o r  most cond i t i ons .  
The c a l c u l a t e d  d i s p e r s i o n  c o e f f i c i e n t s  f o r  September 
1973 flow cond i t i ons  a r e  l i s t e d  i n  Table  2B. The d i s p e r s i o n  
c o e f f i c i e n t  i s  assumed t o  be  a  func t ion  of t h e  t i d a l  v e l o c i t y ,  
t h e  c ros s - sec t iona l  a r e a  and a  f a c t o r ,  a5pha. An a lpha  must 
be  chosen f o r  each segment and f o r  each s e t  of  flow cond i t i ons .  
For example dur ing  some p a r t s  of  t h e  y e a r  t h e r e  i s  s t r o n g  
v e r t i c a l  s a l i n i t y  s t r a t i f i c a t i o n  i n  Hampton Roads and t h e  


Table 2A. Freshwater Discharge, Tidal 
Velocity and Weighting Factors. 
D l  SCf-dARGE WEIGHTING F A C T O R  
CFS 
EL I Z A B E B H  R I  VER-SOUTHERN BftANCH 
t A S 1  E R N  BRANCH 
L A F A Y E T T E  R I V E R  
T I D A L  V E L O C l  T Y  
FEET /SECOND 
Table  2B. Dispers ion C o e f f i c i e n t s  
******DHSPERSIOM COEFFICIENT, SQUARE FEET / SECOND****** 
ELIZABETH RIVER-SOUTHERN BRANCH 
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E l i zabe th .  This  sets up a  non- t i da l  c i r c u l a t i o n  which 
i n c r e a s e s  f l u sh ing .  During September 1973, t h e  E l i z a b e t h  
w a s  nea r ly  homogeneous and non- t ida l  c i r c u l a t i o n  can be  
assumed t o  have been very smal l .  Each set  of  f low con- 
d i t i o n s  w i l l  have i t s  own set  of  va lues  f o r  a lpha ,  which 
must be  s e l e c t e d  by t r i a l  and e r r o r  dur ing  t h e  c a l i b r a t i o n  
process .  
B io log ica l  Parameters 
I n  Table 3  w a t e r  temperatures  f o r  September 1973, 
photosynthes i s  and r e s p i r a t i o n  and b e n t h i c  oxygen demand 
a r e  l i s t e d .  A s  s t a t e d  p rev ious ly ,  t h e  l a t t e r  t e r m s  a r e  
s e t  equa l  t o  zero due t o  l a c k  of  d a t a .  
I n i t i a l  Condi t ions  
I n i t i a l  cond i t i ons  f o r  dye, s a l i n i t y ,  C-BOD, N-BOD 
and DO f o r  September 1973 are l i s t e d  i n  Table 4 .  I t  should 
be  noted t h a t  t h e  i n i t i a l  cond i t i ons  w i l l  n o t  a f f e c t  t h e  
equ i l i b r ium cond i t i ons .  Only t h e  t i m e  r equ i r ed  t o  go from 
t h e  i n i t i a l  cond i t i ons  t o  equ i l i b r ium l e v e l s  w i l l  be  a f f e c t e d  
by t h e  cho ice  o f  i n i t i a l  va lues .  
Sources 
Sources o f  dye, DO and BOD f o r  each reach a r e  
l i s t e d  i n  Table 5. The BOD sources  a r e  d iv ided  i n t o  carbon- 
aceous and n i t rogenous  f r a c t i o n s  and a l s o  i n t o  p o i n t  sources  
and runof f .  For a l l  runs  made t o  d a t e ,  runoff  i n p u t s  and 
DO sources  have been he ld  a t  zero  l e v e l s .  The BOD p o i n t  
sources  l i s t e d  a r e  t hose  f o r  a l l  known i n d u s t r i a l  and 
Table 3. Biological Parameters. 
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Table 5. Sources  
OYE SOURCE C-POD S O U R C E  
FROM SEWAGE OUTFALL 
PPD * CFS PPFS * C F S  
ELIZABETH RIVER-SOUTHERN BRANCH 
E A S T E R N  URAMCH 
H t S T E K N  BRANCH 
L A F A Y E T T E  R I V E R  
C-OOD SOURCE 
FROM RUNOFF 
PPM J( C F S  
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Table 5. (Cont I d )  
N-80D SOURCE N-BOD SOURCE DO SOURCE 
FROM SEWAGE OUTFALL FROM R U N O F F  
PPM * CFS PPM * CCFS PPM * C F S  
municipal  sources  a long  t h e  E l i zabe th  wi th  t h e  BOD5 concen- 
t r a t i o n  reduced t o  LO mg/R. 
S ince  r e l a t i v e l y  l i t t l e  in format ion  i s  a v a i l a b l e  
on t h e  carbonaceous and n i t rogenous  f r a c t i o n s  of  t h e  wastes  
e n t e r i n g  t h e  E l i z a b e t h  River ,  it was necessary  t o  make 
c e r t a i n  assumptions.  These were: 
1) Ult imate  C-BOD = 1 .5  BOD5 
2) Ul t imate  N-BOD = 4.57 TKN concen t r a t i on .  
3) For  primary t r ea tmen t :  
N-BOD = C-BOD/1.21 
4 )  For secondary t rea tment :  
N-BOD = C-BOD/0,55 o r  
C-BOD = 45 mg/R = 1.5  (30 mg/R of  BOD5) 
NBOD = 82 mg/R = 4.57 (18 mg/R of  TKN)  
The decay r a t e s  used w e r e  0.15 p e r  day f o r  t h e  
carbonaceous f r a c t i o n  and 0 . 1 0  p e r  day f o r  t h e  ni t rogenous 
f r a c t i o n  a t  20 degrees  Cent igrade.  The r e a e r a t i o n  r a t e s  
w e r e  c a l c u l a t e d  from t h e  formula: 
where U i s  t h e  v e l o c i t y ,  H i s  t h e  depth.  The formula f o r  
c o r r e c t i o n  t o  o t h e r  temperatures  i s :  
Background Concentra t ions  
- 
Background concen t r a t i ons  of  C-BOD and N-BOD a r e  
l i s t e d  i n  Table 6 .  During September 1973 s a l i n i t y  ranged 
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Table 6 .  Background C o n c e n t r a t i o n s  
C-BOD BACKGKOUND 
E L I Z A B E T H  R I V E R - S O U T H E R N  BRANCH 
EASTERN BRANCW 
WESTEhN BRANCH 
N-BUD BACKGROUND 
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from 2 1  p a r t s  p e r  thousand i n  Hampton Roads t o  17 p p t  
a t  Great  Bridge.  I t  i s  t h e r e f o r e  reasonable  t o  assume t h a t  
most o f  t h e  wate r  i n  t h e  system was de r ived  from Hampton 
Roads. BOD, l i k e  s a l t ,  w i l l  be t r a n s p o r t e d  from Hampton 
Roads i n t o  t h e  E l i z a b e t h ,  b u t  u n l i k e  s a l t ,  it w i l l  be  
reduced by decay as w e l l  as d i s p e r s i o n .  The d a t a  shown i n  
Table  6 a r e  t h e  background concen t r a t i ons  f o r  September 1973 
flow cond i t i on  i f  a l l  p o i n t  sources  w e r e  e l imina t ed  and i f  
t h e  l e v e l s  i n  Hampton Roads were he ld  a t  0 . 5  mg/R of C-BOD 
and 2 .0  mg/R N-BOD. These boundary va lues  w e r e  s e l e c t e d  a f t e r  
examination o f  s l a c k  wate r  moni tor ing d a t a  f o r  t h e  Hampton 
Roads system i n  t h e  summer of  1974. 
Boundary Condi t ions  
Dye, s a l i n i t y ,  BOD and DO levels a t  t h e  f o u r  up- 
s t ream boundaries and i n  Hampton Roads a r e  l i s t e d  i n  Table 
7. These va lues  a r e  f o r  t h e  September 1973 flow cond i t i ons  
and a l l  p o i n t  sou rces  w i t h  a  1 0  mg/R BOD5 concen t r a t i on .  
The DO l e v e l s  w e r e  9 0 %  s a t u r a t i o n  f o r  t h e  given temperature  
and s a l i n i t y .  
3. Model C a l i b r a t i o n  
The d a t a  from t h e  i n t e n s i v e  survey on September 20 
and 2 1 ,  1973 were used t o  c a l i b r a t e  and v e r i f y  t h e  wate r  
q u a l i t y  model of  t h e  E l i zabe th .  Both f i e l d  d a t a  and model 
p r e d i c t i o n s  a r e  shown i n  F igures  1 t o  6 f o r  s a l i n i t y ,  dye 
and d i s so lved  oxygen i n  t h e  main s t e m  and t h e  t r i b u t a r i e s  
o f  t h e  r i v e r .  I n  g e n e r a l ,  t h e  agreement i s  very good, f o r  
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t h e  conserva t ive  subs tances  dye and s a l i n i t y ,  b u t  n o t  q u i t e  
s o  good f o r  DO. One can no te  t h a t  t h e r e  was a s i g n i f i c a n t  
v a r i a t i o n  i n  d a i l y  averages  f o r  s e v e r a l  s t a t i o n s ,  s o  t h a t  
t h e  d i sc repanc ie s  can be a t t r i b u t e d  t o  n a t u r a l  v a r i a t i o n s  a s  
w e l l  a s  t h e  l i m i t a t i o n s  of  t h e  model. 
4 .  Model Runs 
Two sets o f  model runs were made. For t h e  f i r s t  
set,  t h e  municipal  and i n d u s t r i a l  d i scharges  l i s t e d  i n  Table  
8 were used a s  sou rces  o f  BOD, Four runs  were made: a l l  
d i s cha rges ,  a l l  b u t  t h e  Lambert P o i n t  STP, a l l  b u t  t h e  Army 
Base STP, a l l  d i s cha rges  b u t  t h e  Lambert P o i n t  and Army Base 
STP's. For t h e s e  runs  t h e  DO levels i n i t i a l l y  and a t  a l l  
boundar ies  w e r e  6 mg/Q; C-BOD and N-BOD l e v e l s  w e r e  0.5 mg/R 
a t  t h e  Hampton Roads boundary and up t o  segment 5 f o r  back- 
ground l e v e l s  and 1 .5  mg/Q a t  t h e  Great  Bridge boundary and 
down t o  segment 4 f o r  background l e v e l s .  September 1973 
flow cond i t i ons  and wate r  temperatures  were used.  
For  a l l  c a s e s ,  DO averages  of  less than  5 mg/Q 
w e r e  p r e d i c t e d .  S ince  t h e r e  i s  cons ide rab le  l a t i t u d e  i n  t h e  
cho ice  of  boundary cond i t i ons  and t h e  background l e v e l s  of 
BOD, one method t o  bypass t h i s  problem i s  t o  determine t h e  
change i n  DO l e v e l s  which can be a t t r i b u t e d  t o  each source .  
The d a t a  l i s t e d  i n  Table  9 a r e  t h e  changes i n  DO concentra-  
t i o n s  due t o  t h e  Army Base and Lambert P o i n t  d i scharges  a t  
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Table  9 ,  DO v a r i a t i o n s  
L a f  ayette River 
1 
Lambert Po in t  
DO 
Di f fe rence  
(mg/R 
Army B a s e  
DO 
Di f fe rence  
(mg/ R 1 
t h e  fol lowing load ing  r a t e s :  
Lambert P o i n t  Army Base 
Discharge (MGD) 35 18 
BOD5 Concentra t ion 30 
(mg/ R 
One can no te  t h a t  t h e  e f f e c t s  of  t h e  Lambert P o i n t  
p l a n t  a r e  roughly f o u r  t i m e s  a s  g r e a t  a s  t hose  due t o  t h e  
Army Base p l a n t .  This  i s  due t o  t h e  g r e a t e r  flow r a t e  and 
t h e  more u p r i v e r  d i scharge  p o i n t  o f  Lambert Po in t .  Hawever, 
f o r  both ca ses  t h e  e f f e c t s  a r e  f e l t  f a r  upstream and t h e  
p o i n t  of maximum impact a l s o  i s  s e v e r a l  mi l e s  up r ive r .  This  
i s  j u s t  one more i n d i c a t i o n  of t h e  f a c t  t h a t  t i d a l  mixing 
d i s p e r s e s  m a t e r i a l s  throughout t h e  E l i z a b e t h  River system 
and t h a t  dur ing  p e r i o d s  t y p i f i e d  by a  homogeneous wate r  mass, 
f l u s h i n g  i s  smal l .  
A s  mentioned p rev ious ly ,  t h e r e  i s  cons iderab le  
l a t i t u d e  i n  t h e  choice  of boundary cond i t i ons .  Furthermore,  
t h e  choice  of t h e  a p p r o p r i a t e  background l e v e l s  i s  no t  
apparen t  e i t h e r .  F i r s t  t h e  d a t a  from s l a c k  water  runs  i n  
Hampton Roads were examined t o  determine t h e  l i k e l y  concen- 
t r a t i o n s  t h e r e .  Although t h e r e  was cons ide rab le  v a r i a t i o n  
dur ing  t h e  summer of 1974, it appears  t h a t  C-BOD l e v e l s  a r e  
low and t h a t  a  va lue  of 0.5 mg/R i s  reasonable .  The T o t a l  
Kje ldah l  Ni t rogen l e v e l s  were on t h e  o rde r  of 0 . 4  t o  0 . 6  mg/R, 
which g ives  a  N-BOD l e v e l  of roughly 2 .0  mg/R i f  one assumes 
t h a t  a  s toch iome t r i c  r e l a t i o n s h i p  ho lds  between TRN and 
n i t r a t e - n i t r o g e n .  Therefore  t h e  downstream boundary cond i t i ons  
w e r e  chosen t o  be 0 . 5  mg/Q of C-BOD and 2 . 0  mg/Q of  N-BOD. 
Next a s e r i e s  of runs  was made t o  determine t h e  
upstream boundary cond i t i ons  and t h e  background l e v e l s .  
During September 1973 t h e  s a l i n i t y  va lues  a t  S e w e l l ' s  P o i n t  
and a t  Great  Bridge were 21 p p t  and 17 p p t  r e s p e c t i v e l y .  
These d a t a ,  p l u s  r a i n f a l l  measurements from t h e  Norfolk A i r -  
p o r t ,  i n d i c a t e d  t h a t  t h e  f r e shwa te r  runoff  dur ing t h e  month 
was very s l i g h t  and t h a t  most of t h e  w a t e r  i n  t h e  E l i z a b e t h  
River  system was de r ived  from Hampton Roads. Therefore  it 
could b e  assumed t h a t  Hampton Roads would be t h e  dominant 
source  of background BOD as w e l l ,  I f  BOD were a conse rva t ive  
subs tance ,  then  one could simply m u l t i p l y  t h e  s a l i n i t y  va lues  
by an a p p r o p r i a t e  cons t an t .  However, BOD i s  no t  conse rva t ive  
s o  t h a t  it was necessary t o  make s e v e r a l  model runs  t o  s e l e c t  
t h e  proper  upstream boundary cond i t i ons ,  A l l  p o i n t  sources  
of C-BOD and N-BOD were assumed t o  be zero ,  and h igh  va lues  
were s e l e c t e d  f o r  t h e  upstream boundary condi t ions .  These 
va lues  were then  reduced on each subsequent run  u n t i l  t h e  
equ i l i b r ium concen t r a t i ons  decreased monotonically from 
Hampton Roads t o  Great  Bridge. The upstream boundary con- 
d i t i o n s  which meet t h i s  c r i t e r i o n  were assumed t o  be t h e  
proper  ones.  The r e s u l t i n g  concen t r a t i on  d i s t r i b u t i o n s  of 
C-BOD and N-BOD were assumed t o  be t h e  background concentra-  
t i o n s  which would r e s u l t  when Hampton Roads i s  t h e  source  
of t h e  substances .  These concen t r a t i ons  a r e  l i s t e d  i n  Table 
6 .  Once these va lues  had been determined,  it w a s  p o s s i b l e  
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t o  make runs  wi th  p o i n t  sources  of BOD a s  w e l l ,  
The f i n a l  s e t  of runs  was made a s  an academic 
e x e r c i s e  t o  s e e  j u s t  what l e v e l  of t r ea tmen t  would be 
r equ i r ed  before  DO v i o l a t i o n s  were e l imina ted .  DO l e v e l s  
a t  t h e  boundaries were he ld  a t  90% s a t u r a t i o n  f o r  t h e  given 
s a l i n i t y  and temperature .  The e f f l u e n t  s t reams a r e  l i s t e d  
i n  Table 8 .  Three runs  were made, w i th  t h e  e f f l u e n t  s t reams 
s u b j e c t  t o  i n c r e a s i n g  l e v e l s  of t rea tment :  
a )  a l l  e f f l u e n t s  w i t h  30 mg/R o r  less of BODg 
b )  a l l  e f f l u e n t s  w i t h  20 mg/R o r  l e s s  of BOD5. 
C )  a l l  e f f l u e n t s  wi th  1 0  mg/R o r  l e s s  of BOD5. 
The equ i l i b r ium DO concen t r a t i ons  f o r  each of t h e s e  runs  
a r e  l i s t e d  i n  Table 1 0 .  
There were DO s tandard  v i o l a t i o n s  f o r  t h e  f i r s t  
two runs ,  b u t  wi th  a l l  d i s cha rges  a t  a  concen t r a t i on  of 
1 0  mg/R no v i o l a t i o n s  occurred.  The minimum va lue  f o r  
t h i s  run was 5.23 mg/R. 
I- 
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